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In-situ scanning tunneling microscopy has been utilized to investigate the growth of 
nanostructures of various elements such as Sb, Bi, Al, In, Ge and Mn on highly oriented 
pyrolytic graphite (HOPG) in ultra-high vacuum. Initially, three-dimensional (3D) 
clusters, islands and crystallites of these elements (except Bi) nucleate and grow at step 
edges and defect sites of HOPG at room temperature (RT). The clusters of Al, Ge and 
Mn form chains while Sb and In islands are mostly isolated. The 3D islands of Sb, Al 
and In have bulk crystalline structure and (111) orientation. In addition to 3D islands, 
2D films and 1D nanorods of Sb are observed. At ~ 375 K with a high flux, only 2D and 
1D Sb nanostructures are formed, whereas only 3D islands are obtained initially when 
Sb is deposited with a low flux at RT. This selectivity of different dimensional Sb nano-
assembly is explained in terms of Sb4 diffusion and dissociation kinetics. 1D NWs, 2D 
island and well defined 1D multilevel stripes of Bi were obtained on HOPG at RT. The 
thicknesses of these Bi nanostructures show even number atomic layer stability at RT. 
The 2D Sb and Bi structures showed bulk lattice structure and (111) orientation whereas 
the nanorods of Sb and Bi are found in compressed state which is likely obtained under 
the Laplace pressure that can be quite large in nanostructures. The RT-deposited 1D 
multilevel Bi stripes with (110) orientation transform to (111)-oriented layer after 
annealing at ~ 375 K. Various types of Ge and Mn structures were obtained at different 
deposition conditions, including nanowires, clusters, cluster chains and double layer 
ramified islands. MnSb islands and thin films have been obtained on HOPG. With 
increasing deposition at RT, Al clusters grow and coarsen into crystallites with (111) 
facets on top, which coalesce further into flat islands with craters on the top. These 
observations offer the possibility to obtain different shapes and dimensionality of 
 vii
nanostructures by selecting proper growth conditions like flux, exposure time and 
substrate temperature. 
Al and In nanostructures grown on single crystal molybdenum disulphide (MoS2) 
surfaces have also been studied. Al nanoparticles are obtained in a low-flux regime 
whereas ramified islands are observed in a high flux on MoS2 at RT.  Ultra-thin Al 
islands and films are obtained on MoS2 after deposition at substrate temperature ~ 500 
K. Triangular, round-shape and irregular In islands are observed on MoS2 surfaces at 
different growth conditions. At substrate temperature of 340-375 K, exclusively 
triangular In islands are observed. The shape of Al and In nanostructures are quite 
different on MoS2 and HOPG. The different growth behaviors of Al and In found on 
these two substrates indicate that a subtle change in metal-support interaction can alter 
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Chapter 1                                     
Introduction 
 
In nanoscience and nanotechnology, nanostructural materials play extremely 
important role and the technologies of their production and applications are rapidly 
developing. These fascinating materials, with sizes ranging from 1 to 100 nm in at 
least one dimension, include clusters, nano-crystallites, nanotubes, nanorods, 
nanowires and ultra-thin films [1-5]. Two different approaches are generally used in 
the fabrication of nanostructures, namely top-down and bottom-up. The top-down 
method mainly includes lithography and etching techniques which permit the creation 
of nanostructures over large sample areas [6-8]. This process has some disadvantages, 
such as the sizes of nanostructures are limited by wavelength of lithography and mask 
sizes. On the other hand, the building block materials for fabricating self-assembled 
nanostructures are atoms, molecules or clusters in bottom-up approach [9,10]. The 
self-assembled nanostructures can be formed in growth environment taking 
advantages of some energetic, geometric and kinetic effects of over-layer materials 
and substrates. The structure sizes can be very small and are not limited by 
wavelengths and mask sizes. However, the fabrication of uniform and ordered 
nanostructures is still a key issue in self-assembly process.  
There are varieties of approaches to fabricate nanostructures in controlled ways by 
manipulating atoms or molecules. For example, scanning probe microscopies have 
been utilized for manipulation of atoms to form the desired structures, but the 
practical application of such techniques is limited because this serial process is 
extremely slow [11-13].  Various types of templates such as Si(111)-7×7 
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reconstructed surface [14,15], porous anodic aluminum oxide [5,16,17] and nuclear 
track-etched polycarbonate membranes [18,19] were used to realize growth of 
controlled shape of nanostructures. The ordered self-assembled nanostructures were 
also observed for those systems in which over-layer and substrate interaction is very 
strong [20,21]. However, the metal nanostructures grown on most metal and 
semiconductor substrates may cause the diffusion of metal atoms into the substrate, 
leading to the formation of interfacial alloys or compounds [22,23]. 
The self-assembled nanostructures grown on relatively inert substrates may 
suppress the formation of interfacial alloys and compounds. Here, inert substrate 
means that interaction between substrate and over-layer is not as strong as in epitaxy 
[20,21], but it is strong enough to stabilize nanostructures on the substrate. These 
types of nanostructures, which are nearly free standing, can be used as catalysts 
[24,25], quantum dots [26], and single-domain magnets [27]. There are many inert 
substrates such as Si3N4 [28,29], SiO2 [30], highly oriented pyrolytic graphite 
(HOPG) [10,31-34], and transition metal dichalcogenides (MoS2, WS2 and WSe2) 
[35-40]. Due to chemical inertness of these substrates, the deposited materials are 
generally bound with the substrate by weak dipole force [10]. Consequently, the 
substrate does not have strong effect on the growing structure, i.e., these structures are 
in a nearly free-standing state. Therefore, the investigation of the growth process of 
nanoparticles and other nanostructures on inert substrates will reveal the interplay 
between the different elementary processes in initial nucleation and later growth. This 
helps in revealing intrinsic properties of the deposited materials [10]. Certainly, step 
edges and other defects on inert substrates should have significant influence on the 
growth, especially in the nucleation stage. 
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A number of metals and semiconductors have been grown on inert substrates 
(mainly on HOPG) and various nanostructures have been analyzed using different 
characterization techniques [41-45]. Among surface characterizing techniques, 
scanning tunneling microscopy (STM) offers the opportunity to advance the 
understanding of the kinetics of clustering at the atomic scale on the surface. STM is a 
powerful tool that images the surface topography in real space with atomic resolution. 
Thus it is quite effective for studying irregular clusters and islands in early growth 
stage. The distinct thermodynamic and kinetic factors governing the initial nucleation, 
coalescence and further growth, and the surface morphology in different systems are 
expected to be understood in more details by performing in-situ comparative studies 
using STM.  
In this thesis, a comparative study of Sb, Bi, Al, In, Ge, Mn and MnSb growth on 
HOPG surface using an in-situ STM in ultra-high vacuum is presented. Several new 
features of these elements on graphite such as the self-assembly of Sb and Bi 
nanowires, formation of double layer ramified Ge and Mn islands, and formation of 
craters on top of Al islands were obtained. The growth and surface morphology of 
some metal (Al and In) nanostructures on MoS2 and HOPG substrates is compared. 
Although both HOPG and MoS2 are inert substrates, different growth behaviors and 
morphology of metal nanostructures have been found, indicating that a subtle change 
in metal-support interaction can alter particle shape significantly. 
 
1.1      Nucleation and Growth of nanostructures on Inert substrates 
The understanding of nucleation and growth of self-assembled nanostructures on 
solid surfaces is one of the most active fields in recent solid state physics research. 
There are basically three different thin films growth modes which mostly depend on 
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the lattice parameters and surface free energies of deposited material and substrate, as 
well as the interaction of over-layer material with substrate. For example, when the 
lattice mismatch is small and the interface binding is strong, the film grows in a layer-
by-layer (Frank-Van der Merwe) mode. On the other hand, if the interface bonding is 
weak, the deposited materials grow in small clusters nucleated on the substrates and 
then grow into islands. This growth mode is known as three-dimensional (3D) 
islanding or Volmer-Weber mode. The layer-by-layer plus island growth or Stranski-
Krastanov (S-K) mode is an intermediate state. In this case, the interface binding is 
strong but the lattice mismatch is relatively large, the film will grow in the layer-by-
layer mode initially, followed by 3D-islanding mode.   
Although improved shape and size of nanostructures can be achieved in S-K 
growth mode, the presence of wetting layer is often undesirable, particularly for 
electronic and magnetic device applications of metallic nanoparticles. The nucleation 
and growth on an inert substrate is generally portrayed as in Volmer-Weber mode 
which is free from wetting layers. The 3D island growth on inert substrates is based 
on macroscopic surface/interface energy consideration [46,47]. Nanostructures grown 
on these inert substrates are in a nearly free-standing state. Furthermore, the 
nanostructures on graphite, MoS2, and conductor-supported oxides or nitrides films 
can be characterized readily using electron microscopy, scanning probe microscopy 
(in particular STM) and various electron spectroscopic methods. The intrinsic 
properties of nanostructures can be revealed from such analyses with little influence 
of the substrate. In addition, the nanostructures on an inert substrate provide us with 
an arena to examine their interactions with other nano-objects, such as functional 
molecules and bio-molecules without the influence of a solution [48,49].  
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In physical vapor deposition, single atoms may diffuse over the surface until they 
are lost by one of several processes such as nucleation of clusters, re-evaporation and 
being captured by existing clusters if the substrate is ideally flat and inert. The self-
assembled nanostructures in the forms of cluster, crystallite and nanoparticles can be 
formed on relatively inert substrates (graphite, MoS2, oxides and nitrides) due to the 
immediate 3D clustering on these substrates [28-35]. However, the morphology of 
self-assembled nanostructures can vary dramatically from one material to another, and 
even for the same material under different growth conditions. Such variations reflect 
some of the intrinsic characteristics of the nanostructures, such as the anisotropy in 
surface energy, atomic diffusion and attachment/detachment on the nanostructures 
[46,47,50]. Since the mobility of clusters and crystallites on an inert substrate can be 
fairly high, interactions between the nucleated nano-objects (in terms of mass 
transport, aggregation and coalescence) also have a strong effect on the morphology 
of nanostructures [10,34].  Many of these factors can be classified as kinetics that can 
be adjusted by controlling the growth conditions. This provides us with the possibility 
of fabricating nanostructural materials that satisfy particular application requirements 
[51,52]. To achieve this goal, it is essential to understand the basic thermodynamics 
and kinetics of deposited and nucleated species that determine the size, shape, surface 
atomic structures and spatial distribution of self-assembled nanostructures.  
A variety of materials have been grown on inert substrates, and different 
nanostructures have been observed in the past few decades [10,24,28-35]. A general 
conclusion is that, due to weak interaction between deposited materials and inert 
substrates, metals and semiconductors tend to nucleate near the defects and grow as 
3D islands. However, the structures formed on inert substrates can show distinctively 
different morphology, depending on the deposited species, flux, deposited amount, 
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substrate temperature and the kind of substrate. Such differences largely reflect the 
unique properties of atoms, clusters and crystallites of an element when they 
encounter each other, because all these objects can be quite mobile on inert surface. 
On the other hand, the shape and size of nanostructures can be changed by using 
different inert substrates. The final features of nanostructures critically depend on the 
possibility for the atoms or clusters to diffuse over the surface: the adatoms-surface 
interactions modify the morphology of the deposited clusters and/or the formed 
islands. The different growth behaviors of metal particles can occur on various van 
der Waals surfaces [35,53]. Intuitively, one may suggest that all van der Waals 
surfaces should have very weak metal-support interactions, resulting in similar growth 
behaviors of metals on the van der Waals surfaces. However, the different growth 
behaviors of metal nanostructures were observed on various van der Waals surfaces 
[35,53], implying that a slight change in surface energy and crystal structure of inert 
substrate can influence the shape of nanostructures. 
 
1.2      Material growth on HOPG 
The most stable crystal structure of carbon at room temperature (RT) is graphite. 
The crystal structure of graphite is shown in Fig. 1.1(a). The valence electrons of 
every carbon atom in graphite are sp2 hybridized. The individual carbon atoms are 
linked to form sheets (layers). Within each layer, every carbon atom is linked to three 
adjacent atoms, producing hexagonal rings of carbon atoms. The nearest neighbor 
distance is 1.42 Å whereas the in-plane lattice constant is 2.46 Å. The intra-layer 
atomic bonding is much stronger than that of inter-layer. The spacing between two 
layers is 3.35 Å which are attached together by weak van der Waals forces.  The 
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neighboring layers are shifted relative to each other leading to stacking sequence 
ABABAB…. and a c-axis lattice constant of 6.70 Å perpendicular to the layers. 
Naturally occurring single crystals of graphite have small grain size as it is 
difficult to obtain large grain size. Thus the most widely studied form of graphite by 
STM is HOPG. This polycrystalline material with a hexagonal structure has a 
relatively large grain size (~ 3-10 µm) and a good c-axis orientation (misorientation 
angle less than 2°). The easy sample preparation of HOPG by peeling off a few 
carbon sheets with adhesive tape, together with the inertness of graphite surface 
towards chemical reactions have made it the standard test and calibration sample for 
microscopy and spectroscopy studies. The freshly cleaved surface has smooth surface 
of several 100-nm flat terraces along with some defects such as steps and grain 
boundaries. The surface superstructure of ( 33× )R30° of graphite has been 
observed on the vicinity of the grain boundaries on HOPG [54]. The ( 33× )R30° 
superstructure is shown in Fig. 1.1(b) with dotted line which has a period of  4.26 Å. 
 
Fig. 1.1 (a) Crystal structure of graphite. The lattice constants are 2.46 Å (in-
plane) and 6.70 Å (perpendicular to the layers); (b) ( 33× )R30° supercell on 
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HOPG is widely used as a prototypical inert substrate mainly for three reasons 
related to its unique structure and electronic properties.  First, HOPG is easily cleaved 
to obtain atomically flat surface over large area. Secondly, HOPG has been 
extensively studied with STM and its surface structures, including defects, are well-
known [55-57]. The density of surface defects on HOPG is much lower than that of 
oxide and nitride inert surfaces [58,59]. Lastly, HOPG is a chemically inert conductor, 
providing an excellent substrate to study the formation and physicochemical 
properties of semiconductor and metal nanostructures in a nearly free-standing state 
using a variety of electron spectroscopies and STM. The kinetic, thermodynamic, 
structural and other investigations of such systems will let us explore the interactions 
among the atoms deposited and the nanoparticles (clusters and crystallites) nucleated, 
as well as with the substrate.    
 
1.2.1     Sb and Bi nanostructures on HOPG 
Semimetals (Sb and Bi) have a rhombohedral (RHL) lattice structure as shown in 
Fig. 1.2 and the lattice parameters in different plane are given in Table 1.1. These 
materials show many unique electronic properties in their bulk phase due to the small 
effective mass, low carrier densities, and small band overlap [60,61]. Several 
interesting electronic properties have been observed in their nanostructures such as 
extremely large magnetoresistance [62,63], surface superconductivity [64] and 
semimetal-to-semiconductor transition [65], leading to extensive research on 
fabrication and characterization of Sb and Bi nanostructures. In addition, 
nanostructural semimetals showed promising high-efficiency in the field of 
thermoelectricity [66,67]. Group V elements (e.g. As, Sb, Bi) are also known to show 
rich allotropic transformation after applying high pressure [68,69]. In this framework, 
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a question arises whether an allotropic modification of these elements (especially Sb 
and Bi) can be realized at nano-scale in self-assembly? Recently some reports 
described allotrope formation of Bi and Sb nanostructures on Si(111) and AuSb2 
substrates, respectively [70,71]. However, the possibility of strong interaction 
between Bi and Si(111) cannot be ignored due to the presence of dangling bonds on 
Si(111) surface. To reveal the intrinsic properties of nanostructures, inert substrates 
such as HOPG, silicon nitrides and oxides are quite suitable for growing nearly free 
standing nanostructures [11,55-59]. Since the properties of nanostructures mainly 
depend on their shape and size so the understanding of the growth process of 
nanostructures is necessary for design and development of such functional 
nanomaterials in a controlled way. 
 
Table 1.1  Lattice parameters of Sb and Bi crystal structures at RT [72] 
Elements arh (Å) α (degree) a (Å) c (Å) RHL(110): a1(Å)×a2 (Å)
     Sb   4.51     57.11    4.31   11.27           4.31 × 4.51 
     Bi   4.75     57.23    4.54   11.86           4.54 × 4.75 
 
The growth mechanism of nanostructures from initial nucleation to final growth 
can be understood in details on inert substrates such as HOPG, silicon nitrides and 
oxides on which the interaction with over-layer is weak [10,55-59]. The surface 
morphology of Sb on HOPG has been the subject of extensive studies in past years 
[43,44,73-76]. Various types of structures, such as ramified fractal and flower-shaped 
islands as well as compact islands of Sb on graphite were investigated using ex-situ 
characterization techniques such as atomic force microscopy (AFM) [43], 
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transmission electron microscopy (TEM) [73-76], and scanning electron microscopy 
(SEM) [44]. The crystal structure of Bi is very similar to Sb, but there are only a few 
reports on experimental studies of the surface morphology of Bi on HOPG using 
different ex-situ characterization techniques such as AFM [77-79] and SEM [78,79]. 
Various types of Bi nanostructures were observed on graphite at RT such as nanorods, 
stripes and star-shaped islands [77-79]. However, there is little information about the 
crystalline structures of these different nanostructures on HOPG. The film growth 
mechanism, crystalline structures and surface morphology of nanostructures can be 
revealed systematically by using real space observation method such as in-situ STM 
in ultra-high vacuum.  
Among various materials that have been deposited, particular rich phenomena 
have been observed when antimony clusters (Sbn) in a size range of n = 4 to 2300 
were deposited on HOPG [10,43,44,74].  Depending on the size n of Sbn clusters, the 
Sb islands formed on graphite vary from compact spheres for n = 4 to ramified 
fractals for n ≥ 90.  The fractal branch width decreases as n increases.  This 
phenomenon is explained in terms of the interplay of Sbn arriving rate at an existing 
island and the time it takes for clusters in contact to coalesce [10,74].  In all these 
studies, however, the possibility and consequences of Sbn decomposition were largely 
ignored. The diffusion, nucleation and growth kinetics of chemisorbed Sb species on 
HOPG are expected to differ remarkably from those of physisorbed Sb4.  Sb comes 
out mostly in the form of Sb4 whereas Bi comes out in the form of Bi and Bi2 from 
normal thermal evaporator sources [80]. Only two-dimensional (2D) and 1D 
nanostructures of Bi were formed on HOPG without 3D islands [78,79]. It would be 
interesting to examine whether different structures form on HOPG if Sb4 
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decomposition is significantly activated (or similarly if the deposition flux consists of 
a significant percentage of Sb2 and Sb1).         
 
 
Fig. 1.2 (A) Rhombohedral (Sb, Bi) structure superimposed within a hexagonal 
basis; (B) truncated-bulk structure of RHL (111); (C) viewed in [111] trigonal 
direction and (D) RHL(110) structure of Sb and Bi, showing rectangular unit 
cell as shown by dotted lines. The respective lattice parameters in different 
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In this thesis, three different types of Sb nanostructures on HOPG, i.e. 3D 
spherical islands, 2D thin film and 1D nanorods are described. The crystalline 
structure of 1D nanorods is in compressed state with respect to 3D and 2D islands 
which will be described in more details in Chapter 3. Exclusively 2D and 1D 
nanostructures of Sb were obtained on HOPG at substrate temperature ~ 375 K 
whereas only 3D islands were found with low flux at RT. These results are explained 
in terms of a relatively large difference in the activation energies of Sb4 diffusion and 
dissociation (or chemisorption) on HOPG at raised substrate temperature. The surface 
morphology and crystalline structures of Bi nanostructures on HOPG is presented in 
Chapter 4. In the case of Bi on HOPG, the 2D islands, 1D nanorods and stripes were 
obtained. The 1D Sb and Bi nanostructures are in compressed state, revealing 
allotrope modification of group 5A (Sb and Bi) elements at nano-scale. One possible 
explanation of the observed compressed state is due to the additional Laplace pressure 
which is significantly large for nanostructure in early nucleation stage.  
 
1.2.2     Growth of Metals and Semiconductors nanostructures on HOPG  
Studies of metals and semiconductors nanostructures are very important in 
nanotechnology because of their interesting physical, electronic, optical and chemical 
properties which can be rather different from their bulk counterpart. There are 
numerous ways to fabricate and characterize self-assembled nanostructures for 
fundamental interests along with several applications in the field of nanodevices [11-
13]. The shape, size and location of self-assembled nanostructures depend on the 
interaction with substrates and growth conditions. The study of the growth of 
nanostructures and thin films on different substrates has let us discover new methods 
for the synthesis of new materials with interesting properties.  
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Several studies of metals on graphite have demonstrated the fabrication of 
different types of nanostructures and behavior of metal atoms on graphite. Ganz et al. 
studied the growth of different metals such as Cu, Ag, Au, and Al on graphite by 
using STM [41,81]. They observed monomers of Ag, Au, and Al, dimers of Ag and 
Au, and clusters of three or more atoms of Ag, Al, and Au. Because of the weak 
interaction between metal atoms and graphite, diffusion of clusters and the shrinking 
or contraction of clusters were also observed. The metal-support interaction can 
influence the morphology of metal on HOPG, as well as surface electronic structure. 
Xhie et al. studied Pt adatom-induced superstructures on HOPG and concluded that 
they can be attributed to charge density modulation effects [57]. Binns et al. reported 
the growth, electronic and magnetic properties of transition metals (Cr, Fe, Mn and V) 
on graphite [31]. All the transition metal films on graphite presented by Binns et al. 
showed island growth mode with a thickness of a few nanometers [31]. Goldby et al. 
found that Ag clusters are quite mobile on graphite surface and coalesce into 3D 
nanoparticles [34]. Recently, the growth of Ag nanoparticles on low- and high-defect 
density HOPG surfaces was studied using STM and X-ray photoelectron spectroscopy 
(XPS) [53]. Much stronger interactions between Ag and highly defective HOPG 
surfaces were found compared to those of low-defect HOPG surfaces. In case of Au 
on HOPG, different shapes of Au islands were obtained such as compact and 
dendritic-type islands depending on the growth parameters such as flux and substrate 
temperature [82,83].  
The density of defects on graphite surface can be changed artificially by ion-
sputtering method. The size distribution of metal nanostructures on HOPG mostly 
depends on the defect sites on HOPG. For example, noble metal (Au, Ag) 
nanoparticles grown on defective HOPG surfaces show narrow size distribution 
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[53,84]. The behavior of transition metals deposited on non-sputtered HOPG at RT 
consists of inhomogeneously distributed 3D clusters and islands, with a density higher 
on steps than on terraces, and a wide or asymmetric size distribution [31]. A bimodal 
Au particle size distribution (large and small clusters) on defective HOPG surface has 
been attributed to the presence of two different nucleation sites: artificially produced 
defect sites (for growth of small clusters) and surface region with high adatom 
mobility (large clusters) [85]. Recently, STM study of Fe growth on HOPG reveals 
uniformly distributed Fe nanoparticles on the ion-sputtered surfaces with narrow-size 
distribution compared to that on non-sputtered HOPG surface [86]. The homogeneous 
morphology of Fe film grown at RT likely implies that all underlying defects have 
same capturing power irrespective of their shape and size. In this thesis, only non-
sputtered HOPG surfaces were used which consist of natural defects such as steps and 
point defects on terraces. The size distributions of metal clusters and islands on 
HOPG will be studied in the following chapters. 
The early stage of formation of clusters or islands, in particular Al, on HOPG has 
been extensively studied using different characterization techniques such as low 
energy electron diffraction (LEED), Aüger electron spectroscopy (AES), XPS and 
STM [25,41,87-90]. Using STM, Ganz et al. reported a long lived single Al atom at 
the on-top position (β site) of HOPG, and therefore speculated that a chemical bond 
existed between Al and C [90]. XPS studies performed by Ma et al. showed that no 
chemical reaction of Al cluster with HOPG occurs at RT in the absence of 
contamination or defects [87].  However, 2D clusters of sputter-deposited Al up to 1 
nm were imaged using STM in air by Maurice and Marcus [91].  They also observed 
a strong chemical interaction with electron transfer from the Al adatoms to graphite 
by XPS. The ab initio and molecular dynamics studies of the interactions of Al 
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clusters with graphite showed a weak adsorbate-substrate interaction and no 
chemisorption-induced surface reconstruction in the presence of Al atoms [91]. 
Hinnen et al. investigated the interfaces created by sputter deposition of Al on HOPG 
using in-situ XPS [89]. The growth mode of the Al film was described in terms of Al 
cluster formation involving Al-C bonds and carbide-like component AlxC (x ≈ 1.4) at 
the interface, followed by the growth of a pure Al overlayer [89].  It is not clear 
whether these controversies arise from different preparation methods of metal clusters 
or from ex-situ characterization process.  
There are various types of semiconductor nanostructures, such as quantum dots, 
nanowires and nanowhiskers. Nanoparticles and nanowires of semiconductors have 
generated much interest because of their potential applications in developing high 
speed transistors and high-efficiency optoelectronics devices. Nath et al. reported an 
interfacial study of low-dimensional Si and Ge on graphite using photoemission 
spectroscopy and found that no chemical interaction occurs between the adatoms and 
the substrate at RT [45]. Various types of Si nanostructures such as Si nanowires, 
clusters and elongated cluster chains with an average diameter of a few nanometers 
were grown on HOPG by magnetron sputtering [32,33]. Such studies about the 
growth of Ge on HOPG are sparse. Since both Si and Ge belong to the same group, 
there is a possibility to grow Ge in the forms of nanowires and clusters on graphite. 
In this thesis, comparative growth studies of Al, In, Ge and Mn as well as 
ferromagnetic MnSb on HOPG is reported. The growth of Al and In nanostructures on 
HOPG and MoS2 is described in Chapter 5. The Al islands on HOPG have craters on 
top of islands after ≥ 3 nm Al deposition at RT. Both Al and In islands have (111)-
oriented crystalline structure on HOPG at RT. The isolated Al islands on terraces are 
mobile during STM scanning, but they can be pinned on HOPG terraces by Sb 
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deposited at RT. In Chapter 6, the growth of functional (Ge, Mn and MnSb) materials 
on HOPG is reported. Both Ge and Mn formed clusters, cluster chain and double-
layer ramified islands on HOPG at RT. The compact island of Mn was obtained after 
growing at raised substrate temperature. Ferromagnetic MnSb nanoparticles and films 
were obtained on HOPG after co-evaporation of Mn and Sb. As verified with XPS 
and STM, MnSb(0001) crystallites have been synthesized on HOPG substrates, and 
vibrating sample magnetometer revealed magnetic properties of the polycrystalline 
films.  
 
1.3      Growth of Metals on Molybdenum disulphide (MoS2) 
Transition metal dichalcogenides with layered structure are built up by a repetition 
of a three-layer sandwich consisting of a top chalcogenide layer (S, Se or Te), a 
middle transition metal layer (Mo, Ta, Ti, W) and a bottom chalcogenide layer. MoS2 
is one member of transition metal dichalcogenides group, composed of a number of S-
Mo-S sandwich layers. MoS2 is a semiconductor and anisotropic material which can 
be exploited in many areas of material science. The bonding within each sandwich is 
covalent, while neighboring sandwiches are held together mainly by weak van der 
Waals forces which facilitate cleavage. The layers form a triangular lattice with 
period 3.16 Å as shown in Fig. 1.3. The stacking sequence in c axis is AbA · BaB in 
the unit cell, where capital and small letters mean anion and cation layers, 
respectively, and A (or a) and B (or b) show different stacking layers of a hexagonal 
lattice. Locally six S atoms bond to one Mo atom forming the trigonal prismatic 
structure. The S atoms at the surface are saturated yielding an (0001) basal plane [92]. 
The MoS2 crystal does not show any relaxation and surface reconstruction [93]. 
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However, the S-Mo-S layer in hexagonal structure can shear over each other which is 













Fig. 1.3 Atomic structure on MoS2(0001), S atoms are 1.59 Å above and below 
the plane of Mo atoms. In-plane lattice constant of MoS2(0001) is 3.16 Å. 
 
MoS2(0001) is a good model surface for several reasons. It has pristine atomically 
flat surface which is quite chemically inert. Due to weak van der Waals interaction 
between S-Mo-S layers, it is very easy to cleave using scotch tape. These properties, 
when combined with its high electrical conductivity, allow for imaging of both the 
surface and adsorbates at the atomic scale using STM. And finally, the surface 
structure serves as an excellent model substrate to understand the wetting behavior 
and diffusion of deposited metals on a hexagonal lattice during the initial stages of 
over-layer growth. 
The growth of metals, mostly Au on MoS2 has been investigated by several 
groups [35-38]. However, only very limited information about the growth of other 
metals on these substrates is available [40]. Due to chemical inertness of MoS2 
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surface, the deposited materials are generally kept on the surface by weak binding 
force, which implies that the particles are in a nearly free-standing state. 
Investigations of the nanostructural growth on MoS2 reveal the interplay between the 
different elementary growth processes such as diffusion, aggregation and coalescence 
of atoms, clusters and crystallites. The understanding of these elementary growth 
processes have been recognized to be the key for controlling the shape and size of 
self-assembled nanostructures by adjusting various experimental parameters, such as 
the flux, amount of deposition and substrate temperature. The shape- and size-
controlled metal nanostructures can be used as electrodes for connecting molecules 
with each other and with other components in molecular electronics. 
Comparative studies of shape-controlled growth of In and Al nanostructures on 
MoS2(0001) surface using an in-situ STM in ultra-high vacuum is presented in 
Chapter 6. Mainly triangular In islands with some round-shaped ones were found on 
MoS2 with small amount of deposition at RT, whereas exclusively triangular islands 
were obtained after deposition on the substrate at 375 K. Al nanoparticles of 
diameters in 4-16 nm range were obtained with low flux on MoS2 at RT. Ramified Al 
islands were obtained with a high deposition flux at RT, whereas ultrathin Al islands 
and films were grown on MoS2 at 500 K. The difference in the morphologies of 
observed nanostructures reflects unique energetic and kinetic properties of atoms and 
clusters of each element. 
 
1.4      Synopsis of Chapters 
Chapter 2 presents the details of the experimental setup, which includes surface 
characterization techniques such as STM, AES and LEED. The operation principles 
of these techniques are described briefly. 
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Chapter 3 focuses on the STM investigations of three different types of crystalline 
Sb islands on HOPG, i.e. 3D spherical islands, 2D thin film and 1D nanorods. The 
crystalline structures of 3D and 2D islands have α-Sb(111) structure whereas 1D 
nanorods start with simple cubic crystalline structure. The shapes of Sb islands are 
controlled in self-assembly by adjusting growth conditions such as flux, deposited 
amount and substrate temperature. For example, exclusively 3D spherical islands 
were obtained with low flux at RT whereas only 2D and 1D nanostructures were 
found on HOPG at substrate temperature ~ 375 K. 
 The growth of crystalline 1D Bi NWs along with 2D islands and multilevel 
stripes on HOPG is studied in details in Chapter 4. The 2D structure has α-Bi(111) 
crystalline surface structure whereas 1D and multilevel structures show compressed 
α-Bi(110). The 1D multilevel structures are stable up to ten atomic layer at RT. 
Above this critical thickness or after annealing at ~ 375 K, the multilevel structure 
start to transform into (111) oriented nanostructure. 
In Chapter 5, comparative studies of growth of Al and In on HOPG and MoS2 are 
performed. Craters were observed on the top facet of the flattened Al islands on 
HOPG after ≥ 3 nm deposition. Mostly Al nanoparticles were obtained at low flux 
whereas ramified Al islands were found at high flux on MoS2 at RT. The shapes of In 
nanostructures on MoS2 were controlled in self-assembly by adjusting growth 
conditions.  
Chapter 6 presents the growth of functional materials such as Ge, Mn and MnSb 
on HOPG in ultra-high vacuum. Various types of Ge and Mn structures were found at 
different deposition conditions, including clusters, cluster chains, and double layer 
ramified islands. MnSb(0001) crystallites were obtained on HOPG after deposition 
and annealing of Mn and Sb at different stages. The ex-situ XPS measurement 
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revealed the formation of MnSb compound. The excellent magnetic property of the 
50-nm thin MnSb film was observed using vibrating sample magnetometer. 
Chapter 7 summarizes all the important experimental findings and the conclusion. 
It also suggests some further research works. 
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Chapter 2           
Experimental setup 
 
2.1   Surface analysis techniques  
It is highly demanded in the field of nanoscience and nanotechnology to explore 
the different types of nanostructures for future applications. The understanding of 
physical and chemical interactions of nanostructures on solid surfaces [1-4] requires a 
significant number of surface sensitive techniques [5], such as scanning tunneling 
microscopy (STM), scanning electron microscopy (SEM), atomic force microscopy 
(AFM), low energy electron diffraction (LEED), Aüger electron spectroscopy (AES), 
X-ray photoelectron spectroscopy (XPS), among others. An Omicron ultra-high 
vacuum (UHV) system which consists of STM, AES and LEED has been used. The 
brief description and working principle of these techniques are presented here. 
 
2.1.1    Scanning tunneling microscopy 
STM is a powerful and unique tool for the determination of the structural and 
electronic properties of surfaces. The first STM was built by Gerd Binning and 
Heinrich Rohrer in IBM Research Laboratory in 1982 [6]. Since then STM and its 
variants have been used to investigate real space atomic structures and processes on 
surfaces. Later in 1986, Binning and Rohrer were awarded Noble Prize in Physics for 
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their pioneer work. The basic physical phenomenon at the origin of this technique is 
the quantum mechanical tunneling between a sharp metallic tip and a conducting 
surface through the vacuum. Real space information is particularly important for the 
study of non-periodic and localized features such as vacancies, interstitials, impurity 
sites, steps, dislocations and domain boundaries. Compared with other surface 
analytical techniques, STM has distinct advantages such as: 
1. STM has ability to achieve atomic-level resolution. The lateral and vertical 
resolution of STM is 1.0 Å and 0.1 Å, respectively [6,7]. 
2. The other unique feature of the STM is the ability to investigate local geometric, 
atomic and electronic features (not averaged over large areas) on the surface and 
even subsurface sites.  This allows to investigate surface reconstruction, defects, 
adsorbate-induced superstructures, and individual atomic and molecular 
adsorbates at the atomic level. 
3. STM is capable to operate in different environments such as vacuum, air, liquid, 
high and low temperature. It is also suitable for in-situ electrochemical and 
biological studies.  
4. In scanning tunneling spectroscopy (STS) mode, STM unveils local surface 
electronic properties and band structure [8]. 
5. The STM tip can be employed for the modification of a surface, and for the 
manipulation of atoms and molecules, opening new era in the field of atomic- and 
molecular-scale devices [9-11].    
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6. STM tips coated with ferromagnetic or antiferromagnetic materials can be used to 
characterize the domain walls, spin structure of magnetic vortex cores and 
hysteresis of magnetic nanostructures [12-14].     
 
 
The main difference between the STM and all others microscopies (SEM, TEM) 
is that there is no need for lenses and special light or electron source. In STM, a small 
bias voltage is applied between a sharp metallic tip and a conducting substrate, 
typically between a few millivolts (mV) to a few volts (V). After applying a bias 
voltage, quantum mechanical tunneling of electrons occurs from the tip to the surface 
or vice versa, when the separation between the tip and sample is extremely small (0.5 














Fig. 2.1.  STM block diagram 
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[15]. The operating tunneling current of STM generally varies from a few pico- 
Amperes (pA) to a few nano-Amperes (nA). 
   
2.1.1.1   Theory and working principle of STM 
Conventional STM is based on the control of the tunneling current through 
vacuum between the surface to be investigated and the probing metallic sharp tip. In 
1928, Fowler and Nordheim first described the tunneling process between two metals 
separated by a potential barrier [16].  The vacuum serves as a potential barrier in 
STM, when the sharp metallic tip is brought very close to a conducting sample. The 
equilibrium energy diagram is shown in Fig. 2.2(a), in which the Fermi-levels of the 
tip and sample are aligned at thermal equilibrium condition [17,18].  Here φs and φt 
are the work functions of sample and tip, respectively.  If a small positive sample 
bias (with respect to tip) is applied (V< φs), the Fermi energy of the tip will be shifted 
upward and electrons will tunnel from the occupied states of the tip to the unoccupied 
states of the sample [Fig. 2.2(b)]. In reverse, if a small positive voltage is applied to 
the tip with respect to sample, electrons will tunnel from the occupied states of the 
sample to the unoccupied states of the tip, as shown in Fig. 2.2(c). 
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Fig. 2.2 (a) Energy band diagram of STM tunnel junction at equilibrium; (b) 
when positive small sample bias voltage is applied and (c) when positive tip 
voltage is applied.  
 
For a square well potential barrier, the solution of Schrödinger’s equations in the 
barrier is of the form, 
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For small bias voltages, based on (2.1) and the Wentzel-Kramers-Brillouin (WKB) 
approximation [19], it has been shown that the transmission probability, and thus the 
tunneling current, decays exponentially with the barrier width [20], 
                  [ ]kzI t 2exp −∝                                   (2.2) 
where k = 
h
π2 [2mφ]1/2 and φ = (φs – eV + φt)/2. Given that m = 9.1 × 10-31 kg = 5.11 
× 105 eV/c2, h = 4.136 × 10-15 eV.s, and for typical metal work functions of 5 eV, k is 
≈ 10 nm-1. Since the tunneling probability decays exponentially as the barrier width 
increases, It is an extremely sensitive function of z, and it comes from only a few 
atoms at the most forefront of the tip. This sensitive dependence not only makes STM 
a local probe of atomic resolution, but also provides us with a signal for feedback 
regulation of tip-sample distance. If the tip-sample separation changes by ∆z ≈ 0.1 
nm, the tunneling current It changes by an order of magnitude. If the current is kept 
constant within 2%, the “best” vertical resolution achievable is within 1.0 × 10-2 nm 
[6,7].  Lateral resolution (“best” achievable 0.1 nm) in STM is limited by the 
sharpness of the tip [6,7].  In order to achieve this extraordinary resolution, the key 
design priority is given to the vibration isolation of the STM instrument. The STM tip 
is attached to a piezoelectric drive, which moves the tip in x-, y- and z-directions [15]. 
Basically, the designs of three-dimensional scanner made of piezoelectric ceramic 
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2.1.1.2   Feed-back loop 
The operation of feedback electronics can be realized from the STM block 
diagram [Fig. 2.1].  Here the tunneling current It is converted to a voltage Vt by a 
pre-amplifier. The tunneling current It is exponentially dependent on the tip sample 
separation z. The voltage Vt is amplified logarithmically to Vlog, which is proportional 
to z. Usually a reference voltage Vref is chosen during STM operation.  When the 
difference voltage between Vlog and Vref is zero, the separation z is precisely correct; 
however a positive and negative difference indicates too small and too large distance, 
respectively. This integrated difference is supplied to the high-voltage amplifier 
which eventually controls the z-piezo to maintain a constant z. This closes the 
feedback loop and makes the system complete.  
  
2.1.1.3   STM image for the surfaces 
In the STM technique, a very sharp metallic tip is brought close within a few Å 
(usually 4-7 Å) of the sample surface under investigation without actual physical 
contact. This allows a small overlap of the wave functions at the sample surface with 
the nearest atom on the tip. When a small bias (tens of mV to several V) is applied 
between the sample and tip, a small tunneling current is detected. This current has an 
exponential dependence on the tip-sample separation. Thus, the STM can provide 
information about the surface structure. The current is also dependent on the density 
of states of the tip and sample, so STM can reveal information about the surface 
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electronic structures [21-23]. When a voltage V is applied to the sample (with the tip 
at ground, the case of this system), only the states lying between EF and EF + eV 
contribute to the resulting topography images. The sign and magnitude of applied 
voltage determines which states can contribute to the resulting topographic images. 
 
2.1.1.4   Modes of operation 
There are two modes of STM operation: (1) constant current mode and (2) 
constant height mode, as shown in Fig 2.3. In the basic constant current mode, the 
height of the tip changes; however the tunneling current stays constant as shown in 
Fig. 2.3(a). A feedback system forces the tip via a piezoelectric driver to be always at 
such a distance to the sample surface that the tunneling current flowing between two 
electrodes remains constant. By recording the voltage which has to be applied to 
piezoelectric driver in order to keep tunneling current constant, i.e., recording the 
height of the tip z(x,y) as a function of position, a topographical image can be 
obtained. This mode is frequently used in STM imaging because the height of surface 
features can be precisely derived from the feedback voltage and sensitivity of the 
piezoelectric driver element. All STM images presented in this thesis were taken in 
constant current mode. It should be noted that in constant current mode STM gathers 
information about the surface only from the magnitude of the tunneling current, which 
is sensitive not only to surface topography, but also to the local density of 
electron/hole (or “filled” and “empty”) states. So the STM image is a convolution of 
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both topographical and electronic information. A disadvantage of this mode is that the 
finite response time of the feedback network and of the piezoelectric driver set 
relatively low limits for the scan speed. 
 
Fig. 2.3. STM operational modes: (a) constant current mode; (b) constant height 
mode. 
 
In constant height mode, the tip travels in a horizontal plane above the sample as 
shown in Fig. 2.3(b) and the tunneling current varies depending on the topography 
and local surface electronic properties of the sample. In this mode, the feedback 
Constant current (a) STM Tip 
Path of STM tip 
Sample 
(b) 
STM Tip Tunneling current 
Path of STM tip 
Sample 
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network is slowed to keep the average tunneling current constant or turned off 
completely. The rapid variations in tunneling current due to the tip passing over 
surface features are recorded and plotted as a function of scan position. This mode 
allows faster imaging of the atomically flat surfaces. The fast imaging in this mode 
minimizes the image distortion due to piezoelectric creep, hysteresis and thermal 
drifts.  
 
2.1.1.5   Tip preparation 
A crucial aspect of STM operation is the reliable formation of sharp metallic tip. 
The size, shape and chemical identity of the tip influence the resolution, shape of an 
STM scan and electronic properties in tunneling spectrum. Artifacts in image will 
appear if the tunneling occurs through multiple atoms on the tip apex. There are 
several ways to fabricate tip of different metal wires (W, Pt-Ir and Au) including 
mechanical grinding, cutting with a wire cutter or razor blade, ion milling, field 
emission/evaporation, fracture, or electrochemical etching [24].  
In these experiments, electrochemically etched W tips have been used. A 
schematic diagram of the electrochemical cell showing the W wire (of ~ 0.5 mm in 
diameter) being etched in NaOH is shown in Fig. 2.4. During the etching process, two 
sharp tips are obtained. Usually the one located in the solution is adopted for use as it 
has a sharper end than the other tip. The tip is washed with methanol and fixed in the 
tip holder. It is then brought into UHV chamber and is cleaned by electron 
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bombardment heating. The bombardment is carried out by keeping the tip near to a 
filament and applying a high voltage of about 500 V between the tip and the filament. 
The treatment effectively removes all types of contamination, including oxygen and 




Fig. 2.4. Schematic diagram of the electrochemical cell showing the W 
wire (anode) being etched in NaOH. The cathode consists of stainless steel 
cylinder which surrounds the anode. 
 
2.1.2   Aüger electron spectroscopy  
AES is an important analysis tool for determining the composition of the surface 
layers of a sample. It is used predominantly to check the cleanliness of a freshly 
prepared surface under UHV conditions. The Aüger effect was discovered by French 
physicist Pierre Aüger in 1925 while working with X-rays and using a Wilson cloud 
chamber [25]. AES was developed in the late 1960’s, when UHV technology became 
commercially available [26,27]. The method is based on the excitation of so-called 
+ 
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‘Aüger electrons’. Qualitative AES is an elemental analysis detecting all elements 
except H and He by measuring characteristic kinetic energies specific for a given 
elemental Aüger electron transition on conducting samples. AES is surface sensitive 
due to the strong inelastic scattering which occurs at the energies of interest (~ 
50-2500 eV). Electron with these energies must originate near the surface or there is a 
high probability that the scattering processes will deplete them of the energy they 
require to escape into vacuum.  
 
Fig. 2.5 Schematic diagram of the process for Aüger emission. 
 
AES is an electron core-level spectroscopy, in which the excitation process is 
induced by a primary electron beam from electron gun. The Aüger process is a 
multi-electron event which involves transitions between core and valence energy 
states. AES can be considered as involving three basic steps: (1) atomic ionization (by 
removal of a core electron); (2) electron emission (the Aüger process) and (3) analysis 
High energy 
electron 












Ground state Initial excited state Final state 
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of the emitted Aüger electrons. The last stage is simply a technical problem of 
detecting charged particles with high sensitivity, with the additional requirement that 
the kinetic energies of the emitted electrons must be determined. Cylindrical mirror 
analyzer is widely used to analyze and detect the energy values.  
The Aüger electron energy is, in principle, determined by the difference in the 
total energies before and after the transition. In this example, one electron falls from a 
higher level to fill an initial core hole in the K-shell and the energy liberated in this 
process is simultaneously transferred to a second electron; a fraction of this energy is 
required to overcome the binding energy of this second electron, the remainder is 
retained by this emitted Aüger electron as kinetic energy. In the Aüger process 
illustrated, the final state is a doubly-ionized atom with core holes in the L1 and L23 
shells. In Fig. 2.5, the energy of the outgoing electron EA is given by the relation: 
             EA = EK-EL1-EL23-φ,                                    (2.3) 
where φ is the work function of the sample. It should be clear from this expression 
that the latter two energy terms could be interchanged without any effect i.e. it is 
actually impossible to say which electron fills the initial core hole and which is 
ejected as an Aüger electron; they are indistinguishable. An Aüger transition is 
therefore characterized primarily by: (1) the location of the initial hole and (2) the 
location of the final two holes. The energy of the Aüger electron is characteristic of 
the parent atom. Therefore, measurement of Aüger electron energies constitutes a 
method of elemental identification. 
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2.1.3   Low-energy electron diffraction  
LEED is used as the standard technique to check the crystallographic quality of a 
surface, prepared either as a clean surface, or in connection with ordered adsorbate 
overlayers. It may be used in one of two ways: qualitatively and quantitatively [28]. In 
qualitative analysis, the diffraction pattern is recorded and analysis of the spot 
positions yields information on the size, symmetry and rotational alignment of the 
adsorbate unit cell with respect to the substrate unit cell. The intensities of the various 
diffracted beams are recorded as a function of the incident electron beam energy to 
generate so-called I-V curves which, by comparison with theoretical curves, may 
provide accurate information on atomic positions in case of quantitative analysis.  
 
Fig. 2.6 Schematic diagram of four grid LEED optics. 
A surface is excited by a beam of electrons and the elastically back-scattered wave 
field carries the structural information of the surface. Usually electrons of varying 
energy from 20 eV to 500 eV are used for this purpose. The de Broglie wave-lengths 










Variable negative potential 
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of these electrons are within 2.74 Å to 0.55 Å, which is optimal for crystallographic 
studies on the surfaces.  Moreover for electrons within this energy range, the 
inelastic mean free path is 5 Å to 10 Å, which is equivalent to about 3-5 atomic 
layers.  Beyond this energy range, the depth penetration rapidly increases. Hence 
LEED is an excellent surface sensitive tool for crystallographic studies. 
A typical experimental arrangement used in a LEED experiment is illustrated in 
Fig. 2.6. An electron gun is used to produce a well collimated mono-energetic 
electron beam [29]. The electrons beam incidents normally on the sample. These 
electrons are scattered mainly from the first few layers of the crystalline sample 
following the Bragg diffraction equation: a sinθ = nλ, where a is the periodicity of the 
pattern, θ is the angle of diffraction, n is the diffraction order, and λ is the incident 
electron wavelength. The backscattered electrons are of two types; elastically 
scattered electrons forming a set of diffracted beams which create the LEED pattern, 
and inelastically scattered electrons, which may make up 99% of the total flux, but 
they are not required. After reaching the first grid G1, which is earthed, the elastically 
scattered electrons are accelerated towards the fluorescent screen S, which carries a 
high positive potential (of the order of 5 kV). This provides the electrons in the 
diffracted beams with enough energy to excite the fluorescence in the screen, so that a 
pattern of bright LEED spots is seen. The grids G2, G3 and G4 are held at an 
adjustable negative potential and are used to reject the majority of the electron flux, 
which is made up of inelastically scattered electrons, and which otherwise contribute 
to a bright, diffuse background across the whole of the LEED screen. The potential on 
these grids is adjusted to minimize the diffuse background to the LEED pattern. The 
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LEED pattern displayed on the phosphor screen gives information on the surface 
reconstruction in reciprocal space and the atomic structures of reconstruction can be 
determined. The LEED pattern must exhibit sharp spots with high contrast and low 
background intensity. Random defects or crystallographic imperfections can broaden 
the LEED pattern spots and increase the background intensity due to scattering from 
these defects.  
 
2.2    Multi-component UHV-STM chamber setup 
The in-situ experiments were carried out in a multi-chamber UHV system with a 
base pressure of 2 × 10-10 mbar, where the vacuum is maintained by combination of 
titanium sublimation pump, ion pump and turbomolecular pump. The pressure was 
measured by using ion gauge. The top view of the UHV setup is represented in Fig. 
2.7.  The system consists of an analysis chamber, preparation chamber and fast entry 
load lock chamber separated by gate valves as shown in Fig. 2.7. The analysis 
chamber is equipped with a room temperature (RT)-AFM/STM, four grid optics for 
LEED and AES [30]. Both the chambers contain manipulator which is used for 
sample transfer, degassing, cleaning and for deposition purpose by resistive heating. 
The motion of the manipulator is linear and rotational with four degrees of freedom. 
The sample holders in both manipulators have two different heating methods, i.e., (1) 
the resistive heating is used for sample temperature upto 800 K; (2) for temperature 
more than 800 K, electron bombardment heating is used. An infrared optical 
pyrometer was used to monitor the sample temperature. The sample temperatures 
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were measured with an estimated accuracy of ± 20 K. There is a fast entry load-lock 
chamber for the introduction of the sample and tip into the chamber. The in-situ 
sample transfer from the load lock chamber to preparation chamber and preparation 




The other facilities attached with the system are W or Ta-boat thermal evaporator 
sources, W-wire wetted filament sources and electron-bombardment setup for 
cleaning the tip. The photograph in Fig. 2.8 shows the different parts of the 
Transporter 
Manipulator 

















   AFM/STM stage 
Manipulator 
(X, Y, Z, O) 
Wobble stick
Fig. 2.7 Top-view of the multi-chamber UHV system with AFM/STM, LEED, 
AES, thermal evaporators and other sample preparation facilities. 
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UHV-STM system. The scales of STM images were routinely checked with well 
known atomic structures of a Si(111)-(7×7) and atomic steps on the surface. Instead 
of RT-STM, variable temperature (VT)-STM was used to characterize RT-grown 
indium islands on graphite at 100 K. The details of VT-STM were described 
elsewhere [31,32]. Ex-situ characterization techniques such as SEM, AFM, XPS and 
vibrating sample magnetometer (VSM) have been used which will be discussed in 
experimental parts in relevant chapters. For the XPS studies, the spectra were 
recorded in a VG ESCALAB spectrometer using Mg Kα radiation (hν = 1253.6 eV) 










Fig. 2.8 The photograph shows the different components of the multi chamber 
Omicron UHV-STM system. 
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Chapter 3  
Shape-controlled growth of crystalline Sb islands on Graphite 
 
3.1        Introduction 
Nanostructured materials such as nanoparticles, nanorods, nanotubes and thin 
films have attracted much attention in the past few years because of their novel 
physical and chemical properties which can be rather different from those of their 
bulk counterparts [1-4]. In particular, the control of the shape and size in 
nanostructural growth has been a very hot research field, since the properties and 
applications of nanostructures mainly depend on their shape, size and surface 
morphology. These efforts have been driven by the possibility of fabricating tailor-
designed nanostructures with unique properties [5,6]. Many templates, such as porous 
anodic alumina membrane (AAM) [4,7,8] and nuclear track-etched polycarbonate 
membranes [9,10] have been utilized to fabricate shape- and size-controlled 
nanostructures. However, the control of shape and size of grown nanostructures in 
self-assembly on inert substrates is one of the issues in nanoscience and 
nanotechnology.  
Highly oriented pyrolytic graphite (HOPG) is one of the best prototype inert 
substrate for studying the growth behavior of supported nanostructures. It has been 
extensively used as a substrate for investigating diffusion mediated island growth 
processes [11]. The study of the materials growth on HOPG sheds light on general 
behaviors of materials growth on weak-bonding substrates [12]. Atoms or molecules 
deposited on an inert substrate normally form nanoparticles such as clusters or 
crystallites. Furthermore, these nanoparticles often line up along step edges of HOPG, 
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forming quasi-one-dimensional (quasi-1D) chains or wires [13]. Among the materials 
on HOPG, Sb has been the subject of extensive studies in the past several years [14-
18]. Different islands morphologies ranging from compact circular, to fingered and 
dendritic structures were characterized by using different ex-situ characterization 
techniques [11,14-18]. It is quite possible that the surface morphologies could deviate 
from its original form during ex-situ characterizations. 
In this Chapter, the self-assembled shape controlled growth of crystalline Sb 
nanostructures on HOPG in ultra-high vacuum (UHV) at different growth conditions 
and stages is demonstrated. 3D spherical islands, 2D thin film and 1D nanorods of Sb 
were obtained on HOPG by physical vapor deposition and characterized by using in-
situ scanning tunneling microscopy (STM). With a low flux, exclusively 3D islands 
were obtained at room temperature (RT). With a moderate flux, all three types of 
structures grow initially, but further deposition mostly leads to the growth of 2D and 
1D crystalline structures at RT. At substrate temperature of ~ 375 K, exclusively 2D 
and 1D structures were obtained at high flux, whereas only 1D nanorods were found 
at low flux regime. The selective fabrication of different shapes of Sb nanostructures 
is explained in terms of different activation energies for Sb4 diffusion and 
chemisorption/dissociation on HOPG. The crystalline structure of 3D and 2D islands 
is α-Sb, whereas 1D nanorod shows a significant deviation from bulk Sb lattice. The 
deviation of crystal structure of 1D nanorods can be understood by considering 
additional Laplace pressure during nucleation stage.  
 
3.2        Experimental 
The experiments were carried out in a multi-chamber UHV-system described in 
Chapter 2. HOPG (MaTeck, grade ZYB, mosaic spread of 0.8°) substrates were 
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cleaved in atmosphere and heated at 800 K in UHV for 8 hours to remove 
atmospheric adsorbates from the surface before Sb deposition. High purity Sb 
(99.9998%) was thermally evaporated from a W-boat evaporator onto clean HOPG at 
different flux and substrate temperature. The temperature of Sb source was measured 
using a Chromel-Alumel thermocouple. Before deposition, Sb source was extensively 
degassed at 550 K in order to remove contaminations. The Sb flux comes out mostly 
in the form of Sb4 because the temperature of Sb source was always kept less than 800 
K during deposition [19]. The deposition flux was approximately calibrated by 
measuring the volume of Sb islands on HOPG in STM images (assuming a sticking 
probability near 1). For the experiments presented here, the flux is varied from 1.8 
Å/min to 18 Å/min by adjusting the source temperature. All STM images were 
acquired in constant current mode with electrochemically etched W tips at RT. The 
finite tip size and multiple-tip effects often make the 3D islands appear bigger than 
their real size, and generate artifacts in the STM images. Great care was taken to 
minimize these effects in these experiments.  
 
3.3        Results and Discussion 
3.3.1     Three different types of Sb nanostructures 
Figure 3.1(a) displays a STM image taken on a HOPG sample with 1.2-nm Sb 
deposited at RT with a flux of ~ 4 Å/min.  Three different types of Sb structures are 
formed on the HOPG, as labeled with 1D, 2D and 3D in the figure. The line profile 
across 1D, 3D and 2D structures in upper part of Fig. 3.1(a) is given in Fig. 3.1(b). 
The large 3D spherical-top structures have heights in the range of 50-56 nm, and 
apparent lateral diameters 140-150 nm. STM tip cannot scan underneath the 
nanoparticles, so it is hard to know the exact shape of the particles.  Based on the 
 47
Chapter 3: Shape-controlled growth of crystalline Sb islands on Graphite 
inertness of HOPG surface, the observed 3D particles are most likely truncated or 
oblate spheres at this stage [20].   
 
 
Fig. 3.1 3D-view STM images of Sb structures on HOPG at RT. (a) After 1.2-
nm Sb at a flux of ~ 4 Å/min, with three different types of Sb nanostructures 
labeled as 1D, 2D and 3D; (b) line profile across 1D, 3D and 2D structures as 
shown by dotted line in (a); (c) after deposition of 10-nm Sb at a flux of 4 
Å/min and (d) atomic-resolution image on top of 3D island. 
 
 
In addition to these tall 3D islands, lower and extended structures are observed in 
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part of Fig. 3.1(a)) have heights in range of 3.1-3.5 nm, and with atomically flat 
terraces and straight step edges. These 2D islands are not small graphite pieces, 
because the graphite pieces usually have much larger area with heights significantly 
less than 3 nm.  The 2D islands grow dominantly as more Sb is deposited on HOPG 
as shown in Fig. 3.1(c).  The long linear (1D) feature in the upper part of Fig. 3.1(a) 
has a height 20 nm and a measured width ~ 35 nm.  Besides this relative long Sb 
nanorod, there are two short rods on the side of a 3D nanoparticle in the lower half of 
the image.  The heights of these nanorods are about 13 nm.  It should be mentioned 
that these Sb nanorods are not formed along steps of HOPG.   
 
3.3.1.1    3D crystalline Sb islands on HOPG 
The observed 3D islands in Fig. 3.1(a) are compact. The compact spherical shape 
of these 3D islands is thermodynamically most favorable and indicates a sufficient 
high mobility of Sb atoms or clusters at the island edges. These islands were formed 
by diffusion and coalescence of Sb4 on the graphite surface, in agreement with 
previous investigations of Sb4 mobility and aggregation on HOPG [17,18]. No facet 
formation and ordered atomic structures on these 3D islands at low deposition amount 
was observed. STM normally cannot resolve internal feature of an object directly. 
Thus it cannot be verified whether these 3D islands are amorphous or crystalline. 
Previously, transmission electron microscopy (TEM) investigations by Stegemann et 
al. showed that 3D spherical Sb nanoparticles are amorphous whereas fingerlike 
particles are crystalline [21]. The parallel TEM and STM investigations of Sb 
particles on graphite obtained in cluster-beam deposition also showed that they are 
amorphous [22]. These observations indicate that the smooth-curved 3D islands are 
most likely amorphous in nature. 
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Fig. 3.1(c) displays a STM image after 10-nm Sb deposition at RT with flux ~ 4 
Å/min. In this case, HOPG surface is covered with all three types of Sb structures. 
Several 3D islands in Fig. 3.1(c) have heights in the range of 40-58 nm when 
measured from surrounding 2D film. Some of these 3D islands remain in spherical 
shape with a lateral dimension ~ 150 nm without facets. On the other hand, faceting 
has been observed on the surface of some relative large 3D islands. For example, 
many 3D islands have grown in lateral size to > 300 nm and have developed a flat top 
facet with straight edges as shown in upper part of Fig. 3.1(c), indicating a crystalline 
structure inside. The formation of large 3D islands in comparison with Fig. 3.1(a) is 
due to coarsening of 3D islands after more deposition amount. The top facets mostly 
form irregular hexagons, surrounded with smooth curved surface. These faceted Sb 
crystallites are similar to those observed by Kaiser et al. using scanning electron 
microscopy (SEM) [15].  In their SEM image, the top hexagons of Sb islands are also 
surrounded with smooth curved surface, indicating that the surrounding feature in 
these STM images is not totally due to tip-shape artifact [23]. Further zooming-in 
scans on a flat top facet of 3D island reveal a hexagonal ordered structure as shown in 
Fig. 3.1(d), with a lateral period of 4.28±0.05 Å. Comparing with the lattice 
parameters of α-Sb(111) [24] as given in Table 1.1 in Chapter one, the measured 
lateral period agrees well with the expected lateral period (4.31 Å). From these 
experimental observations, it is confirmed that these 3D islands have α-Sb(111) 
crystalline structure.  
 
3.3.1.2    2D thin film on Graphite 
The most of HOPG surface is covered with multilayer 2D islands after 10-nm Sb 
deposition at flux ~ 4 Å/min and at RT, as shown in Fig. 3.1(c) and Fig. 3.2(a). Now, 
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the 2D area becomes dominant, while some Sb nanorods as the one labeled 1D are 
also observable [Fig. 3.1(c)]. It seems that once 2D islands are formed, they can trap 
Sb deposited later more effectively than other types of Sb structures, so that they grow 
faster than others. Further zoom-in scan on the 2D film exhibits flat terraces separated 
with atomic steps as shown in Fig. 3.2(b) and (c). These STM images show 
dislocation and dislocation free structures of 2D multilayer islands. STM image 
presented in Fig. 3.2(b) clearly shows a mount with pure positive screw dislocation 
and atomic height steps, also suggesting a well crystalline structure. Fig. 3.2(c) shows 
multilayer 2D triangular types of structure without any dislocation. In both images, 
the measured average height of the atomic steps is 3.96±0.20 Å. The steps are all 
along 〈 011 〉 directions. Atomic scale STM image of 2D flat terrace reveals a 
hexagonal ordered structure of a period 4.17±0.12 Å, as shown in Fig. 3.2(d). 
Comparing with the lattice parameters of α-Sb(111) [24], the measured average step 
height is 5 % larger than the bulk layer spacing (3.76 Å), whereas the lateral period is 
shorter than the expected lateral period (4.31 Å) by 3%. 
The lattice parameters of the 2D films show slight deviation from that of bulk Sb, 
in particular a 3% contraction in lateral spacing. One possibility of this contraction of 
lateral period is related to the definite orientation relationship between α-Sb(111) and 
graphite (0001)-( 33× )R30°. The surface superstructure of ( 33× )R30° of 
graphite has a period of  4.26 Å [ Fig. 1.1(b)], which is 1.2% less than the period in 
the (111) plane of α-Sb. This may partially explain the shorter period observed in case 
of 2D films on HOPG, when only a few atomic layers of Sb grown on HOPG. 
However, these results suggest that this is not necessarily the case. Different 
azimuthal orientations of 2D islands were found on one HOPG terrace, indicating that 
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these 2D islands do not have fixed azimuthal alignment with graphite surface.  
 
(b)(a) 





Fig. 3.2 (a) 3D-view STM image  of HOPG after 10-nm Sb deposition at RT with flux 
~ 4 Å/min; (b) and (c) small area images taken on different 2D structures; (d) atomic 
scale image (10 nm × 10 nm) on 2D structure. 
 
The growth of 2D multilayer islands is not in simple layer-by-layer growth 
mode. The number of incomplete layers increases as the growth proceeds. These 
layers often form triangular islands stacking up consecutively. Most of the surface 
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of 2D islands is decorated with arrays of parallel monoatomic steps if the average 
thickness of film is ≥ 5 nm, as shown in Fig. 3.2(a). The 2D multilayer Sb film 
morphology is quite similar to that of Co growth on Pt(111) at RT [25]. This 
similarity suggests that inter-layer mass transport is strongly suppressed, which 
usually indicates the existence of a significant Ehrlich-Schwoebel barrier. Factors 
such as strain relaxation and energetic step-step repulsion may also have played 
certain roles. 
 
3.3.1.3    1D nanorods on HOPG 
Bundles of nanorods on several samples were found either at moderate high flux or 
after more deposition at RT.  Fig. 3.3(a) displays a typical STM image taken on a 
HOPG sample after ~ 5.4-nm deposition of Sb at RT. The 1D Sb nanorods, which 
often form bundles, have height ~ 14 nm near by “L” label whereas some nanorods 
have height ~ 22 nm as marked by “T” letter in Fig. 3.3(a). Only occasionally 
individual nanorods located on the bare HOPG surface was found [as in Fig. 3.1(a)] 
and not being assembled in bundles. It is often observed that Sb nanorods grow out in 
two perpendicular directions, as illustrated in Fig. 3.3(a). The width-to-height ratio of 
the nanorods is in the range of 1.5 to 3. Flat facets are observed on top of most Sb 
nanorods. In the case of Bi on HOPG, Wang et al. also observed the bundles of 
nanorods after ~ 80 nm deposition at RT [26]. In their study the angle between the 
axes of nanorods took several values, most frequently 60° and 120°, due to the 
hexagonal lattice of graphite. However, in this case, the bundles of Sb nanorods are 
folded mostly at 90°. This indicates that these nanorods grow from simple cubic (sc)-
nanocrystals along two equivalent directions that are perpendicular to each other. 
These 1D nanorods disappear after annealing at ~ 530 K in UHV.  
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Fig. 3.3 (a) 3D-view STM image Sb nanorods growing in straight as well as in 
perpendicular directions; (b) an image of a nanorods top away from the 
intersection, with a rectangular surface unit cell marked with dot-line; and (c) an 
image taken at the right-angle intersection of a nanorods; (d) on a tall nanorods 
showing row structure.  
 
Zoom-in images on the top facets of nanorods, as those in Fig. 3.3 (b) and (c), 
reveal mostly rectangular periodic structures. The surface lattice parameters on the 




100 nm 1 nm 
(c) (d) 2 nm 3 nm 
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Fig. 3.3 (b) displays an atomic-resolution image taken on those relative lower Sb 
nanorods (marked “L”, with height ≤ 15 nm). A rectangular order of unit cell size 
(3.93±0.15 Å) × (4.40±0.15 Å) is observed away from the 90° intersection, with the 
shorter side along axis of nanorods. A rectangular cell is outlined in Fig. 3.3(b), with a 
bright spot inside observable. In contrast, in the 90° elbow area as shown in Fig. 
3.3(c), a nearly square order with a period of 4.18±0.15 Å is obtained. The average 
step height on nanorod top surface is 2.97±0.31 Å.  
 
 
Fig. 3.4 (a) Lattice parameters of α-Sb(110) crystalline, having rectangular 
periods as shown by dotted lines; (b) Two dimensional representation of (100) 
sc crystal structure with lattice period (acub = 2.98 Å) based on Ref [29]. Dashed 
lines in (b) describe a (√2×√2) R45° cell. 
 
These observed lattice structures of Sb nanorods deviate significantly from α-Sb 
bulk. On α-Sb(110), the unit cell size is 4.31 Å × 4.51 Å [24], as shown in Fig. 3.4(a). 
The lattice constants on top of the Sb nanorods indicate a compressed state and the 
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the nanorods start in a sc phase which forms for compressed bulk Sb [27]. It has been 
observed for Group 5A elements such as As, Sb and Bi that a rhombohedral to sc 
phase transition occurs under high pressure [28]. For Sb, the sc phase exists in a 
narrow pressure range around 7 GPa, in which the atomic volume is about 85% of the 
normal state value and the atomic spacing is 2.97 Å [27]. The proposed model for 
crystal structure of 1D nanorods at the elbow is shown in Fig. 3.4(b).  Here it is 
considered sc structure of 1D Sb nanorods with lattice constant acub = 2.98 Å based on 
the result of Vereshchagin et al. [29]. They reported the phase transition of Sb from 
rhombohedral to sc under high pressure and found a sc lattice constant 2.98 Å, 
slightly larger than the Sb-Sb bond length (2.91 Å) in bulk. The step height 
(2.97±0.31 Å) of the observed 1D Sb structure is approximately equal to distance 
between two neighboring (100) lattice planes (2.98 Å) of sc structure. Fig. 3.4(b) 
shows the (100) surface of sc lattice with the dot-line square representing a 
( 22× )R45° cell. The experimental lattice period of 4.18±0.15 Å [Fig. 3.3(c)] is 
consistent with the proposed model lattice period [√2×2.98 Å = 4.21 Å]. There should 
be another atom at the centre of the unit cell. The centre atom is invisible in Fig. 
3.3(c). In a previous study of ultrathin Bi film on Si(111) [30], one atom in the unit 
cell on the rhombohedral (110) face, which is the pseudo-cubic (100) face, is also 
invisible in the STM images and it is explained on the basis of puckered layer 
structure in which the central atom could recede by 0.5 Å. Since both Sb and Bi are 
Group V elements with similar lattice relaxation behavior, it is not surprise that they 
show the same phenomena.  
The square unit cell and step sizes observed on Sb nanorod top surface at the 90° 
elbows fit closely to a ( 22× )-reconstructed sc-Sb(001). The nanorods grow out 
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from a sc-Sb nanoparticle in the equivalent [110]SC and/or [110]SC directions. Away 
from the intersection, the nanorods lattice changes away from sc due to relaxation 
towards rhombohedral. The surface unit cell becomes rectangular with atomic spacing 
expanded in the direction perpendicular to the axis while still strongly contracted 
along the axis. The transition seems continuous with the atomic volume remaining 
85% of the normal state. These Sb nanorods have (110) top facets derived from 
(001)SC, and their axes are along 〈 011 〉 direction which is the same as in Ref. 4. In 
contrast, Zhang et al. observed that Bi nanowires in AAM grow dominantly along 
[100] and [110] [31].   
Since the binding of Sb nanorods with HOPG is weak, the compressive force is 
unlikely the misfit stress in a heteroepitaxial system. Nanostructures can be in a 
stressed state even without an external force. It has been found that an intrinsic 
compressive stress exists in many isolated islands in Volmer-Weber growth [32]. This 
compressive stress is the Laplace pressure (PLap) induced by the surface tension of a 
discrete nanostructure. Since typically PLap is inversely proportional to a characteristic 
size of an object, it can reach GPa range in a nanostructure, whereas it is negligible in 
a macroscopic object. For example, based on the virtual work principle [32], in a 
cubic nanoparticle of edge size d with a surface stress f, dfPLap /4= . If f ~ 1 N/m 
and d ~ 1 nm, PLap is a few GPa. Such a Laplace pressure should favor cubic phase for 
Sb nanoparticles.  For free standing thin films of thickness t, the Laplace pressure can 
be expressed as PLap = 2f /t.  Assuming f = 1 N/m and t ~ 4 nm, the induced additional 
pressure will be ~ 0.5 GPa, which is sufficient for compressing the 2D thin film in 
plane without any external force.  
 57
Chapter 3: Shape-controlled growth of crystalline Sb islands on Graphite 
Based on the above analysis, it is assumed that these Sb nanorods originate from 
sc-phase nanoparticles. Since the {110}R planes exhibit low surface energy for Sb and 
Bi nanocrystals and thin films grown on various substrates [33,34], sc-Sb 
nanoparticles nucleate initially with a substantial fraction of the surface as {100}SC 
facets, which correspond to {110}R. As a sc-Sb nanoparticle grows, PLap decreases, 
and the lattice structure relaxes towards the rhombic crystal. A sc-Sb nanoparticle 
may start in a highly symmetric shape (e.g., close to a cube), but the symmetry will be 
broken as the particle grows and alternatively the lattice relaxation will proceed 
anisotropically. An Sb nanorod can grow spontaneously from a compact nanoparticle, 
since the lattice relaxation in transverse direction effectively releases the stress energy 
[35]. The PLap can still influence the nanorod growth. For a nanorod of length l and a 
square cross-section of edge size d with l >> d, assuming a surface stress f on all its 
facets for simplicity (this assumption is not critical to the following results), along 
nanorod axis , while transverse to the axis . That is, the 
longitudinal compressive stress is twice that of the transverse. Therefore, it is easier 
for the nanorod lattice to expand in the transverse direction, whereas it remains highly 
compressed along the axis. This explains the surface lattice orientation observed in 
Fig. 3.3(b). If the relaxation could be complete, the {110}
dfP lLap /4
)( = dfP tLap /2)( =
R facets derived from 
{100}SC on Sb nanorod should have 〈 011 〉 along the axis and 〈001〉 in the transverse 
direction. Fig. 3.3(a) and (c) indicate that two perpendicular nanorods branches 
growing out of a sc-Sb particle also occurs. In this case, the symmetry-breaking 
relaxation takes place away from the elbow, while the elbow remains in the sc phase.   
On some Sb nanorods, the atomic structures observed can not be designated as on 
{110}R or {100}SC facets. Rows displayed in Fig. 3.3(d), with an average spacing 
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3.63±0.20 Å for the bright dots along the rows and 4.7±0.2 Å between the rows are 
typically observed on tall nanorods with height ≥ 20 nm, as those marked by “T” in 
Fig. 3.3(a). The bright dots seem not equally spaced along the rows and the rows are 
slightly zigzag. Due to the small number of periodically spaced rows that can be 
found on top of such nanorods, the uncertainty of these period data makes it hard to 
determine the lattice indices. A possible assignment is {101} with 〈 011 〉 along the rod 
axis [36]. Patrin et al. also observed elongated Sb and Bi structures with this top 
surface on GaAs(110) [37]. 
 
3.3.2    Shape controlled growth of Sb nanostructures  
It is well known that the properties of different types of nano-materials (i.e., 
nanoparticles, nanowires and thin films) differ from their bulk counterparts and from 
each other remarkably due to their dimensionality [6,38]. Therefore, the ability to 
selectively grow one type of nanostructural materials while suppress the others is 
highly desirable in nanoscience and nanotechnology [39]. It was illustrated in above 
section that Sb can grow in three different types of nanostructures on HOPG, namely 
3D islands or crystallites, 2D films and 1D nanorods. To selectively fabricate one type 
of nanostructures, it is necessary to understand the mechanism and conditions of 
different structural formation. Sb nanostructural growth on HOPG under different 
deposition flux and substrate temperature is investigated. 
 
3.3.2.1   Low flux and RT: Exclusively 3D Sb islands 
Fig. 3.5(a) shows a STM image (scan area 4 µm × 4 µm) of HOPG sample after 
0.9-nm deposition of Sb at RT and at flux 1.8 Å/min. In this condition, only 3D 
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islands were observed on HOPG.  Most of 3D islands were nucleated along the steps 
on HOPG. The 3D islands form due to a significant higher surface energy of Sb (0.6 
J/m2) [40] than that of graphite (0.2 J/m2) [41] and a weak interaction between Sb and 
graphite. The average height of these 3D islands is 41±5 nm and the lateral size is in 
the range of 70-300 nm. After 1.8-nm deposition at the same rate, more islands with 
increased average height (52±5 nm) and lateral size range from 70 to 380 nm were 
obtained as shown in Fig. 3.5(b).  
Several STM images similar to those in Fig. 3.5(b) have been used in the 
statistical analyses of lateral size (l) and height (h) distributions of 3D Sb islands, 
which are plotted in Fig. 3.5(c) and 3.5(d), respectively.  These distributions are 
obviously asymmetric. The lateral size distribution in Fig. 3.5(c) is close to a 




















σπ                        (3.1) 
where µl is the geometric average and σl is the geometric standard deviation. The 
lateral size distribution of Sb 3D islands is fitted with lognormal distribution using µl 
~ 150 nm and σl ~ 1.8. The lognormal size distribution of 3D Sb islands reflects the 
power-law dependence of island size on growth time. It should be noted that 
exclusively 3D islands are obtained at low deposition flux and amount. Jensen et al. 
also mentioned that at low deposition flux and amount, the size of islands varies with 
growth time in power-law [43]. The tail on the large size side indicates that the 
probability of extreme broad size is significantly more than that given by the 
lognormal distribution. Most of the extremely broad islands are those not fully 
coalesced large islands, as the line arrow-pointed ones in Fig. 3.5(b) and Fig. 3.6(a). 
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(a) 
 
Fig. 3.5 (a) 3D-view STM image after 0.9-nm Sb deposited HOPG surface at 
RT with flux ~ 1.8 Å/min; (b) STM image of HOPG surface after 1.8-nm Sb at 
rate ~ 1.8 Å/min; arrows point to coalescing islands; (c) and (d) histograms of 
lateral island sizes and heights of islands as in (b) with corresponding lognormal 
and reverse lognormal fitting, respectively.  
 
The heights of these 3D islands are in a broad range from 20 to 60 nm, but the 
distribution is asymmetrically peaked at 50 nm with the tail on the small height side, 
opposite to the lognormal case.  Therefore, the island height distribution in Fig. 3.5(d) 
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σπ                (3.2) 
for 0 < h ≤ h0, where h0 is larger than maximum island height. The reverse-lognormal 
fitting of height distribution is done by assuming h0 = 70 nm, µh = 22 nm and σh =1.4 
as shown in Fig. 3.5(d). The quick drop in the probability for height below 20 nm 
reflects the fact that a small 3D island is highly mobile to coalesce with others. On the 
other hand, the rapid drop in the probability of island heights larger than 50 nm is due 
to the saturation of island height.  This saturation reflects a shape change from normal 
sphere for small islands to highly flattened or truncated sphere for large islands.  This 
shape evolution indicates an increase in interface bonding of Sb islands with graphite 
as they grow. These 3D islands are stable against annealing at ~ 575 K. 
The dependence of the number density of 3D islands on deposition amount at a 
flux of ~ 1.8 Å/min is depicted in Fig. 3.7(a). The density peaked at ~ 1.7 × 109 cm-2 
for 1.8-nm Sb deposition. The island density decreased and reached ~ 1.3 × 109 cm-2 
after deposition of 4.5-nm Sb at the same flux. It indicates that at the initial stage of 
deposition, the density of 3D islands increases due to the dominance of nucleation 
process. With further deposition, the coalescence process coexists with nucleation and 
growth, and later dominates over the nucleation process. Coalescence occurs among 
these 3D islands. There are mainly three types of coalesce islands: fully coalesced 
islands, partially coalesced islands and pair of islands (start to coalesce), as shown in 
Fig. 3.5(b) by dotted arrow, line arrow and arrow with square, respectively.  
Some big and distorted spherical 3D islands were formed after coalescence 
between smaller spherical islands. Example of one big distorted island is pointed by 
arrow in Fig. 3.6(a), after 1.8-nm Sb deposition at flux ~ 1.8 Å/min. Line profile along 
the arrowed island as well as one nearby in Fig. 3.6(a) is presented in Fig. 3.6(b). The 
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line profile indicates that some large islands are formed by the partial coalescence of a 
few smaller ones at RT. The decrease of 3D island number density is due to the 
formation of 2D and 1D structures later on besides the coalescence among 3D islands. 
Fig. 3.6(c) displays a STM image after 4.5-nm Sb deposition at RT, showing 2D and 
1D structures along with 3D islands after more deposition amount at flux 1.8 Å/min. 
 
(c) (a) 500 nm 500 nm 
(b) 
 
Fig. 3.6 (a) After 1.8-nm Sb deposition on HOPG at flux ~ 1.8 Å/min and at RT; 
(b) cross-section profile along the black dot line in (a); (c) after 4.5-nm Sb 
deposition on HOPG with flux of ~ 1.8 Å/min at RT. 
 
With a comparative deposition flux, Kaiser et al. observed dendritic structures due 
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to aggregation and insufficient coalescence of Sb clusters and small 3D islands [15], 
whereas no such type of structures were observed in these repeated experiments.  This 
could be due to different step densities on HOPG used. In Ref. [15,21], the step 
spacing is at least a few µm, and there is often no step in an area of several µm2 where 
dendritic islands form. HOPG samples used here have the step spacing ≤ 1 µm, which 
acts as nucleation/trapping sites of compact 3D islands.  Yoon et al. showed that 
intermediate-size Sb clusters (Sbn with n ~ 90-500) deposited on low-defect-density 
HOPG form extended ramified islands, whereas relatively compact islands are formed 
on sample with relative high defect density [17].  The extreme low step density may 
lead to the accumulation of intermediate-size Sb clusters to a sufficient density and 
the aggregation and partial coalescence of these Sb clusters result in the dendritic 
structures.  
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Fig. 3.7 (a) Evolution of 3D islands density: as a function of deposition time at 
flux ~ 1.8 Å/min; (b) variation of 3D islands height with coverage of Sb at 
different flux. 
 
The variation of the average height of 3D islands as a function of coverage of Sb 
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on HOPG at different flux is plotted in Fig. 3.7(b). At a flux of ~ 4 Å/min, 3D island 
height increases with deposition time initially and later saturates at 50±4 nm. This is 
because, after an initial stage, the nucleation and growth of 3D islands are suppressed 
due to the effective growth of 2D and 1D islands. At a lower flux (~ 1.8 Å/min), 
initially the height of islands increases fast and later increases slowly with deposition 
amount. The average height of 3D islands is 41±5 nm after 0.9-nm Sb deposition 
whereas 52±5 nm after 1.8-nm Sb deposition at the same rate. After 1.8-nm Sb 
deposition on HOPG, the number density as well as average height of islands is more 
than initial 0.9-nm Sb deposited on HOPG. This indicates that newly deposited 
molecules join the existing islands as well as form new islands. The average height of 
3D islands after 4.5-nm Sb deposition at flux ~ 1.8 Å/min is 60±4 nm, whereas at a 
flux of 4 Å/min, the average height of islands saturates at 50±4 nm after 9.6-nm Sb 
deposition as plotted in Fig. 3.7(b). From this comparison, it is confirmed that the 
growth of 3D islands is favored at a low flux. 
 
3.3.2.2   High flux and at T ~ 375 K: 2D and 1D nanostructures 
Fig. 3.8(a) displays a STM image after 4.2-nm deposition of Sb at a high flux (~ 7 
Å/min) on HOPG at substrate temperature ~ 375 K. Exclusively 2D and 1D Sb 
structures were found, and 3D island was completely suppressed. It was found that the 
substrate temperature is more important than the flux in determining which type of Sb 
structure grows initially. At RT, even with flux of ~ 6 Å/min, 3D island nucleation 
and growth are dominant, whereas with this flux at substrate temperature ~ 375 K 3D 
island is totally suppressed. Raising the substrate temperature further, the growth can 
not happen when T ≥ 410 K due to diminishing of sticking coefficient of Sb4 on 
HOPG. Fig. 3.8(b) shows a STM image after deposition of 5.4-nm Sb at high flux ~ 
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18 Å/min and substrate temperature ~ 375 K. In this case, most of HOPG surface is 
covered with 2D and 1D structures. 2D structures are stable against annealing at 575 
K whereas all Sb desorbs from HOPG after 10-min annealing at 650 K.  
 
 
Fig. 3.8 (a) STM image of HOPG surface after 4.2-nm Sb deposition at flux ~ 7 
Å/min and at substrate temperature ~ 375 K; (b) after 5.4-nm Sb deposition at 
flux ~ 18 Å/min and at substrate temperature ~ 375 K.  
 
Previous studies of Sb growth on graphite have addressed mostly the nucleation 
and growth of compact and ramified structures [14-18,21]. Kaiser et al. observed 
formation of other types of structures and they obtained dominantly branched 3D 
islands at a high flux (~ 60 Å/min), while a few different types of structures formed at 
~ 3 Å/min [15].  In these studies, supercooling of deposited Sb4 was considered as a 
possible driving force for viscous fingering and dendrite crystallization [15]. With a 
relative low Sb4 flux used in this experiment, however, this effect should be rather 
weak.  
The growth of different types of Sb nanostructures on HOPG in terms of different 





Chapter 3: Shape-controlled growth of crystalline Sb islands on Graphite 
phase, Sb4 is more stable than Sb2 and Sb1. In Fig. 3.5(a-b), only 3D spherical islands 
were observed at low flux in low coverage regime, whereas all three types of 
structures were observed at moderate flux and at RT, as shown in Fig. 3.1(a,c) or after 
high coverage even at low flux [Fig. 3.6(c)]. It is believed that these 3D islands are 
obtained due to diffusion and coalescence of Sb4 clusters and particles [17,18]. 
Rayane et al. reported the evaporation energy of Sb species [44] in which the 
evaporation activation energy is 2.15 eV for a tetramer (Sb4), 2.4 eV for a dimer (Sb2) 
and 2.75 eV for an atom (Sb1). The percentage of Sb2 species in a low flux (when 
source temperature is low) will be negligible, but at high flux the presence of Sb2 
species along with Sb4 can not be ignored.  
At high substrate temperature, only 2D and 1D structures were obtained and it can 
be explained in terms of more Sb4 dissociation into Sb2 on HOPG. The energy cost to 
dissociate a Sb4 into two Sb2 in gas phase is 2.4 eV (i.e., 1.2 eV per Sb2 dimer) [19] 
whereas dissociation energy for converting Sb4 into two Sb2 on Si(001) is 1.6 eV (i.e., 
0.8 eV per Sb2 dimer) [45]. When Sb4 lands on HOPG, it is most likely in a 
physisorption state. Similar to the case on Si(001) [45], a physisorbed Sb4 can 
transform to a chemisorption state or even dissociate into two Sb2. But these 
transformations require overcoming certain energy barriers (Ec), which are expected 
to be much higher than the diffusion barrier (Ed) of a physisorbed Sb4 on HOPG (~ 60 
meV) [21]. Therefore, Sb4 diffusion is already highly activated at RT, and 3D island 
nucleation occurs as several Sb4 clusters meet at a defect site. At RT and a low Sb4 
flux, since the conversion to chemisorption or dissociation is strongly suppressed 
while Sb4 diffusion is highly activated, 3D island nucleation and growth are dominant, 
resulting in the sample shown in Fig. 3.5(a-b).    
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 The binding of Sb with HOPG is expected to be significantly weaker than that 
with Si. The energy cost to dissociate a Sb4 into Sb2 on HOPG should be between 0.8 
-1.2 eV per Sb2 dimer. Here it is assumed that the dissociation energy (Ec) is ~ 0.9 eV 
per Sb2 dimer. The diffusion barrier Ed of Sb4 on HOPG seems quite low based on a 
comparison with some metals on HOPG (Ag on HOPG steps: Ed ~ 0.14±0.05 eV [46], 
Au on HOPG: Ed ~ 0.05±0.01 eV [47]), so here assume Ed for Sb4 on HOPG ~ 0.1 eV.  
The chemisorption or dissociation offers a channel competing with 3D island 
growth. Which channel is dominant depends on the kinetic parameters of these 
processes and deposition conditions. At a relative low substrate temperature (e.g., RT) 
and a low Sb4 flux, the conversion to chemisorption or dissociation is strongly 
suppressed due to the Boltzmann factor exp[-Ec/(kT)], where k is Boltzmann constant 
and T is substrate temperature. Since the diffusion barrier of physisorbed Sb4 on 
HOPG is quite low, the migration of Sb4 clusters to step edges or other defects is 
highly activated.  Consequently, 3D island nucleation and growth will be dominant, 
resulting in a sample shown in Fig. 3.5(a-b).    
Increasing substrate temperature enhances the rates of both Sb4 diffusion and 
conversion to chemisorption (or dissociation) state. The ratio of these two rates 








ionchemisorpt                                  (3.3) 
Since Ec > Ed, the increment of chemisorption (or dissociation) rate with T is 
faster than that of Sb4 diffusion, so that this ratio increases with T.  At T = 375 K and 
Ec – Ed ≈ 0.8 eV, the ratio of chemisorption (or dissociation) rate to diffusion rate will 
be about 300 times higher than that at RT. Correspondingly, the concentration of Sb2 
species increases with T, which enhances the probability of nucleation and growth of 
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2D and 1D structures. Increasing the deposition flux further enhances this probability, 
since it lets chemisorbed Sb clusters more likely meet with each other. It may be 
possible that these 2D and 1D structures were nucleated mostly from Sb2 species. 
Recently, Scott et al. reported Bi growth studies on HOPG with thermal evaporation 
in UHV [34]. Only 2D and 1D features of Bi similar to these Sb structures were 
observed, but without any 3D island.  This is not surprise since mostly Bi and Bi2, 
instead of Bi4, are generated in a normal Bi thermal evaporator [19].  
The bonding nature of the 2D Sb structures with graphite surface can not be 
totally ignored. Graphite has a surface energy of ~ 0.2 J/m2 and chemically quite inert, 
so that most materials deposited on graphite form 3D islands.  However, some 
materials, such as alkali metals [48], show ionic bonding nature with graphite surfaces 
due to an electron transfer from alkali metals towards graphite (about 0.3-0.7e per 
adatom).  It is plausible that the charge transfer also occurs between the chemisorbed 
Sb species and graphite.  Based on the electronaffinity and electronegativity data, 
electrons transfer from Sb towards graphite, although the amount of transfer is 
expected to be significantly less than that of alkali metals, and should be evaluated 
with theoretical calculations.  Since the 2D islands are formed with the chemisorbed 
Sb species initially, the charge transfer remains effective in the bonding of Sb 2D 
islands and HOPG substrate, so that the 2D islands appear as a strong-binding wetting 
layer on HOPG.  
 
3.3.2.3   Low flux and at T ~ 375 K: 1D nanorods 
In order to study the effect of flux on the surface morphology of Sb on graphite at 
substrate temperature ~ 375 K, Sb is deposited in low flux regime. Exclusively 1D 
nanorods (length ≥ 2 µm) are obtained without 3D and 2D islands after 1.5-nm 
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deposition of Sb with flux ~ 3 Å/min and at substrate temperature ~ 375 K, as shown 
in Fig. 3.9.  The long linear 1D feature in the left part of Fig. 3.9 has a height 14 nm 
and a measured width ~ 60 nm.  The other nanorod has a height of ~ 5 nm and width 
~ 35 nm as in right part of Fig. 3.9. Besides these two long Sb nanorods, there is one 
short wire on lower left of the image.  The height and width of this wire is ~ 3 nm and 
20 nm, respectively.  It can be easily seen in this image that these Sb nanorods are not 
formed along steps of HOPG. It can be noticed that these nanorods did not assemble 
in ‘L’ shape bundles. Increasing the flux at a substrate temperature of ~ 375 K, 2D 




Fig. 3.9 STM image of scan area (2 µm × 2 µm) of HOPG after 1.5-nm Sb 
deposition at flux ~ 3 Å/min and at 375 K.  
 
Comparing Fig. 3.8 and Fig. 3.9, 2D and 1D structures were formed at high flux, 
whereas only 1D nanorods were obtained at low flux at substrate temperature ~ 375 
K. Scott et al. observed only Bi 1D nanorods on HOPG in the low flux growth 
environment, whereas 2D and 1D features of Bi in high flux growth environment 
[49]. Bi comes out in the form of Bi2 and Bi1 from normal Bi evaporator source [19]. 
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From these observations, it is confirmed that the formation of only 2D and 1D 
crystalline structures of Sb on graphite at high substrate temperature is due to the 
dissociation of Sb4 molecules into Sb2 or Sb1 followed by the chemisorption of these 
dissociated species on graphite. Later on, flux determines the dimensionality of Sb 
structures. The high flux at high T is more beneficial to the 2D island growth than for 
nanorods, since Sb species for nanorod growth must reach the nanorod ends in a 
diffusion process without encountering each other and existing 2D islands. Therefore, 
lower flux at a high T favors Sb nanorods growth.  These observations indicate that 
the dimensionality of Sb nanostructures can be controlled by adjusting flux, 
deposition amount and substrate temperature. 
 
3.4      Conclusion 
self-assembled Sb nanostructures on HOPG has been studied at 
diff
led in their self-assembly 
on 
The growth of 
erent growth conditions and stages in UHV using in-situ STM. Spherical 3D 
islands, multilayer 2D thin film and 1D nanorods of Sb were obtained on HOPG. The 
3D and 2D Sb structures have the same crystalline structure as the bulk α-Sb(111), but 
1D structure shows a significant deviation from bulk Sb lattice. The bundles of 
nanorods with nearly 90° intersection were obtained on HOPG. Comparing with an 
Sb crystal in ambient condition, STM analysis indicates that these Sb nanorods have a 
compressed lattice structure, which is likely formed under the induced additional 
Laplace pressure that can be quite large in a nanostructure.   
The dimensionality of Sb nanostructures has been control
HOPG. Exclusively 3D islands were obtained initially at low flux and at RT. The 
lateral size and height distributions of 3D islands were well fitted with lognormal and 
reverse-lognormal distributions, respectively. When Sb is deposited at high flux and 
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at a substrate temperature ~ 375 K, exclusively 2D and 1D Sb structures were formed, 
whereas only 1D nanorods were obtained at low flux and substrate temperature ~ 375 
K.  These results are explained in terms of two competing channels: 1) the migration 
of physisorbed Sb4 with a low diffusion barrier to steps and other defects for 
nucleation and growth of 3D islands; 2) conversion of physisorbed Sb4 to 
chemisorption or dissociation with relatively high activation energy and the 2D and 
1D structures are nucleated from these chemisorbed Sb species.  Increasing substrate 
temperature and flux raises the rate of channel 2 relative to channel 1.  This 
demonstrates an example of selectively fabricating certain type of self-assembled 
nanostructures by choosing proper growth conditions.  
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Chapter 4  
Growth of self-assembled crystalline Bi nanostructures on HOPG 
 
4.1       Introduction 
Recent interest has led to exciting development in the fabrication and 
characterization of nano-scale materials for potential applications in the field of 
electronic, optical, thermoelectric and magnetic nanodevices [1]. In the broad 
spectrum of materials under study, bismuth (Bi) nanostructures have drawn special 
attention due to fruitful application perspective [2]. It is well known that semimetallic 
Bi, with a rhombohedral structure shows many unique electronic properties due to 
small effective mass, low carrier density and small band overlap. Due to the large 
electron mean free path (~ 100 nm at 300 K) and Fermi wavelength (~ 40 nm) of Bi, 
both classical and quantum size effects are expected for Bi nanowires (NWs) with 
relatively large diameters [3,4]. The Bi nanostructures possess several interesting 
properties such as extremely large magnetoresistance [3,5], surface superconductivity 
[6], enhanced thermoelectric efficiency [7] and semimetal-to-semiconductor transition 
[8]. These lead to extensive research on fabrication and characterization of Bi 
nanostructures. Several approaches have previously been used to fabricate Bi 
nanostructures. Especially, Bi NWs were fabricated by taking advantages of different 
types of templates such as anodic alumina membrane (AAM) [9,10] and nuclear 
track-etched polycarbonate membranes [11]. However, the fabrication of NWs in 
these templates cannot maintain good crystallinity due to chemical processes 
involved. 
There are several reports describing the growth of Bi thin films and nanostructures 
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without templates in self-assembly on different substrates such as highly oriented 
pyrolytic graphite (HOPG) [12-16], GaAs(110) [17], mica [5], BaF2 [18] and Si(111) 
[19]. Among these substrates, HOPG is quite inert with which the intrinsic properties 
of nanostructures can be revealed with minimum surface-interface effect [20]. 
Various shapes of Sb nanostructures such as compact spherical three-dimensional 
(3D) islands, 2D thin film, 1D nanorods, flower-shaped islands and dendritic 
structures were obtained on HOPG [21-28]. Since the crystal structure and physical 
properties of Bi are very similar to Sb, one will expect the similar nanostructures and 
surface morphology of Bi on HOPG. Various types of Bi nanostructures such as 
nanorods, stripes and star-shaped islands were found on graphite at room temperature 
(RT) using ex-situ scanning electron microscopy (SEM) and atomic force microscopy 
(AFM) [12-16]. However, there is not so much information available about the crystal 
structures of Bi nanostructures on HOPG. In addition, the effect of substrate 
temperature and annealing on the growth and surface morphology of Bi 
nanostructures on HOPG needs in-depth investigation.  
In this Chapter, an experimental study of the growth of self-assembled Bi 
nanostructures on HOPG under different growth conditions using in-situ scanning 
tunneling microscopy (STM) in ultra high vacuum (UHV) is presented. The 1D NWs, 
2D island and well defined 1D multilevel stripes were obtained on HOPG at RT. The 
thicknesses of these nanostructures show even number atomic layer stability at RT. 
The shapes of Bi nanostructures were controlled in self-assembly by adjusting the 
growth conditions. For example, at a substrate temperature of ~ 375 K, uniform and 
well aligned Bi NWs were found on the steps of HOPG at low coverage, whereas 
multilevel structures were obtained at high flux or/and deposition amount. The 2D 
islands are α-Bi(111) crystalline sheets, whereas 1D NWs and multilevel stripes 
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showed (110) orientation. These crystalline structures of Bi on HOPG are in 
compressed state due to the additional Laplace pressure that can be quite large in the 
nanostructures. The RT-deposited 1D multilevel stripes with (110) orientation 
transform to (111)-oriented layer after annealing at ~ 375 K.  
 
4.2        Experimental 
The sample preparation and characterization experiments were performed in an 
Omicron UHV-STM system with a base pressure of ~ 1.0 × 10-10 mbar. The details of 
experimental set-up are described in Chapter 2. HOPG substrates (ZYB grade) were 
transferred into the UHV chamber through a fast entry load-lock shortly after cleaving 
in air.  Prior to deposition, HOPG substrates were thoroughly degassed at ~ 800 K for 
several hours to remove the residual surface contaminations. High purity (99.999 %) 
Bi evaporated from a resistive heating W-boat evaporator. Mostly Bi comes out in the 
form of Bi1 and Bi2 from normal thermal evaporator [29].  The flux was calibrated 
using Aüger electron spectroscopy (AES) and STM. After deposition of Bi on HOPG 
at different flux, coverage and substrate temperature, samples were transferred to the 
STM stage without breaking vacuum. 
 
4.3       Results and Discussion 
4.3.1    1D NWs and 2D islands: At low coverage 
Figure 4.1(a) represents a STM image after ~ 0.3-nm deposition of Bi on clean 
HOPG at RT with a flux of ~ 0.8 Å/min. Two types of Bi structures are observed, 
labeled as 1D and 2D in Fig. 4.1(a). Since the interaction between over-layer and 
HOPG is weak, it is expected that Bi will grow as 3D islands, similar to Sb on HOPG 
[22]. Mostly spherical 3D Sb islands were obtained on HOPG at RT with low flux 
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[22]. However, 3D islands of Bi were not found on HOPG, in agreement with 
previous studies of Bi on HOPG at RT [12-14]. Mostly 1D NWs of length more than 
300 nm were obtained perpendicular to step edges with aspect ratios more than 18. 
The average diameter of these NWs is 18±2 nm. The growth mechanism of these Bi 
NWs was described by Scott et al. on the basis of edge diffusion and anisotropic mass 
transport along the 〈110 〉 directions [12].  
In order to quantify the height distribution of the NWs, several STM images 
similar to Fig. 4.1(a) have been analyzed. The histogram of Bi NW heights is plotted 
in Fig. 4.1(b). From this height histogram, it is clear that most of the NWs have 
heights 13 Å, 19 Å, 27 Å or 33 Å. The interlayer spacing on Bi(110) is d110 = 3.28 Å 
[30]. After considering the histogram of NW height and spacing layer on α-Bi(110), 
the obtained NWs have a thickness corresponding to the stacking of four, six, eight or 
ten atomic layers in height. These observations show the even-number-layer stability 
of Bi NWs on HOPG. These specific thicknesses are defined as ‘magic’ heights at 
which the NWs are unusually stable.   
Bi ultra-thin film and islands on Si(111) and quasicrystalline Al-Cu-Fe substrate 
also showed ‘magic’ layer thickness stability [19,31]. The magic layer thickness of Bi 
nanostructures is related to the nature of its interaction with substrates. Due to the 
presence of dangling bond of Si(111), its interaction with Bi will be stronger than that 
of Bi with HOPG. Previous report about Bi on HOPG reveals that the Bi interacts 
with the graphite substrate via weak van der Waals force [14]. The magic heights of 
Bi on Si(111) and quasicrystalline Al-Cu-Fe substrate are up to four and eight atomic 
layers, respectively [19,31]. The interaction of Bi with quasicrystalline Al-Cu-Fe 
substrate may be weaker than with Si(111). From this comparison, it is reasonable 
that Bi NWs of ten atomic layers were found due to weak interaction of Bi on HOPG. 
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The range of observed magic thicknesses of α-Bi(110) structure depends on the nature 




Fig. 4.1. (a) STM image of Bi nanostructures on HOPG after deposition of ~ 
0.3-nm Bi at flux of ~ 0.8 Å/min and at RT, two different types of Bi 
nanostructures labeled as 1D and 2D; (b) histogram of 1D NWs height; (c) an 
image on top of a NW with a rectangular surface unit cell; (d) lattice parameters 
of α-Bi(110), having rectangular unit cell as shown by dotted lines.  
 
The mechanism that induces the magic thicknesses in α-Bi(110) structure could be 
either the quantum size effect (QSE) [31] or the atomic relaxation which paired each 
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of the two neighboring layers to saturate dangling bonds [32]. The growth of islands 
of magic height thickness has been observed in several studies [33-35], where the 
phenomenon was attributed to a QSE originating from confinement of electrons in the 
film thickness direction.  On the other hand, in an ideal α-Bi(110) structure, 50 % of 
the atoms at the top most surface have dangling bonds. The even layer height α-
Bi(110) structures are expected to be stable due to reduction of the surface dangling 
bonds. Saito et al. described that occurrence of the magic thicknesses is due to large 
atomic relaxation which paired each two neighboring layers, rather than by electron 
confinement [32]. In that case, there is no major contribution from substrate. Due to 
chemical inertness of HOPG, the interaction between Bi and HOPG will be weak in 
comparison to the Bi/Si(111) system. Therefore, it is reasonable to assume that the 
mechanism which induces magic thickness in the Bi/HOPG system is due to pairing.  
Zoom-in image on the top of 1D NW reveals rectangular periodic structures as 
shown in Fig. 4.1(c). The unit cell size of rectangular structure is 4.34±0.11 Å along 
the length (vector a1) of NW and 4.64±0.11 Å along the width (vector a2). The 
observed lattice parameters of Bi NWs is close to α-Bi(110) unit cell size (4.54 Å × 
4.75 Å) [30], as shown in Fig. 4.1(d). On α-Bi(110) surface, one atom should be near 
the center of rectangular unit cell as in Fig. 4.1(d). In STM image [Fig. 4.1 (c)], the 
center atom is invisible. Analogous observation has previously been made on ultrathin 
Bi film on Si(111) [19], where one atom in the unit cell on α-Bi(110) is also invisible 
in the STM images. It was explained on the basis of puckered layer structure in which 
the centre atom could recede by 0.5 Å. This may be also the case for Bi on HOPG.  
Compared to the lateral periods of α-Bi(110), obtained experimental values are 
5% less along axis, whereas only 2% less in transverse direction. The lattice constants 
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on top of the Bi NWs indicate a compressed state, mainly in longitudinal direction. 
The electrodeposited Bi needles on Au also showed rectangular lattice with reduce 
spacing either due to the presence of adsorbates on top of Bi layer or due to 
reconstruction of the Bi top layer in order to reduce surface energy [36]. However, in 
this case, Bi nanostructures on HOPG were grown in UHV chamber in which 
structures can be free from contaminations for a few days. Cheng et al. [37] observed 
Bi NW growth in a compressive-stress environment in a host matrix of CrN. Due to 
weak binding of Bi with HOPG, it is less probable to generate compressive force from 
misfit stress like in heteroepitaxial systems. Even without an external force, 
nanostructures can be in stressed state due to the surface stress induced Laplace 
pressure (PLap) [38]. PLap for compressed state of Sb nanorods [22] has been discussed 
in Chapter 3 in details. For a NW of length l and a square cross-section of edge size d 
with l >> d, assuming an isotropic surface stress f, the Laplace pressure along NW 
axis , while transverse to the axis . The longitudinal 
compressive stress is twice that of the transverse for NWs. Therefore, it is easier for 
the NW lattice to expand in the transverse direction, whereas it remains highly 
compressed along the axis. This explains the surface lattice periods observed in Fig. 
4.1(c) in which more contraction of lateral period is along the longitudinal axis.  
dfP lLap /4
)( = dfP tLap /2)( =
The variation of crystal structure of semimetal NWs could have subtle 
consequences in their electronic functions [2,39]. Due to the application potentials, Bi 
NWs have been fabricated with other self-assembly methods, mostly using AAM 
templates [2,10].  Some of these NWs had their axis along 〈 011 〉, same as in this 
study, while others showed different indices, even polycrystalline form. It should be 
mentioned that the lattice structure of most semimetal NW arrays grown in AAM is 
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either close to the normal bulk [39] or in metastable compressive phase [40]. The 
growth environment within an AAM is expected to be quite different than that on flat 
surface in UHV.  
After 0.8 nm deposition of Bi on HOPG at RT, 2D wetting-like islands are 
obtained on terraces with 1D NWs as shown in Fig. 4.2(a). Mostly round shape 2D 
islands were observed at low coverage regime, as shown in Fig. 4.1(a) and Fig. 4.2(a). 
Fig. 4.2(b) displays the height profile along the dotted MN line on the 2D flat island 
in Fig. 4.2(a). This height profile shows that the height of 2D island is 8±0.8 Å. The 
height of 2D islands in Fig. 4.1(a) is ~ 16 Å. The α-Bi(111) crystalline structure can 
be visualized as a layered structure in the [111] direction with a bilayer spacing d111 = 
3.95 Å [30]. The 2D islands have a thickness corresponding to the stacking of two 
bilayers or even multiple of d111. The 2D island heights are labeled in the numbers of 
bilayer of α-Bi(111) in Fig. 4.1(a) and Fig. 4.2(a). There is no any 2D Bi island of one 
bilayer thickness. This observation indicates the even-number bilayer stability of α-
Bi(111) structures on HOPG at RT.  
High resolution image on the 2D Bi island shows a hexagonal ordered structure 
with a lateral period 4.31±0.16 Å [Fig. 4.2(c)]. Comparing with the lateral period of 
α-Bi(111) [30] as given in Table 1.1 (Chapter 1), measured lateral period is 5% less 
than the expected lateral period (4.54 Å). A question arises about the reason behind 
the contraction of lateral periods of nanostructures on graphite which is quite inert. 
Since the binding of Bi nanosturctures with HOPG is weak [12], the compressive 
force due to misfit stress is small. It has been found that intrinsic compressive stress 
exists in many isolated islands in Volmer-Weber growth [38], especially at nucleation 
stage. One possible explanation is the effect of Laplace pressure due to surface stress 
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[38] of ultra-thin structure. For ultra-thin films of thickness t, the Laplace pressure can 
be expressed as PLap = (f + g)/t, where f and g are the surface and interface isotropic 
stresses of the film, respectively. In this case, f and g may be nearly the same because 
the interaction between film and substrate is quite weak [12]. Assuming f = 1 N/m and 
t ~ 1 nm, the induced additional pressure will be 2 GPa, which is sufficient for 




Fig. 4.2. (a) STM image of HOPG sample after deposition of 0.8-nm Bi at flux 
of ~ 0.8 Å/min and at RT. (b) height profile of 2D island along white dotted MN 
line in (a); (c) high resolution image on top of 2D island; (d) schematic 
representation of the preferred adsorbate and substrate, black solid circles are Bi 
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Another factor for the contraction of lateral period of 2D Bi island is related to the 
definite orientation relationship between α-Bi(111) structure and graphite (0001)-
( 33× )R30° which has a period of  4.26 Å. The surface superstructure of 
( 33× )R30° of graphite has been commonly observed in the vicinity of the defects 
such as grain boundaries on HOPG [41]. Black solid circles in Fig. 4.2(d) represent 
the Bi atoms on top of graphite atoms and white open circles are graphite atoms. The 
preferred hexagonal unit cell is given by dotted line with lateral period 4.26 Å. It can 
be assumed that initially Bi atoms stick on HOPG surface as shown in Fig. 4.2(d) and 
thereafter lateral periods increase due to atomic relaxation which increases with 
thickness.  
 
4.3.2 1D multilevel stripes: At high coverage and/or flux 
Fig. 4.3(a) shows a STM image of HOPG sample after 1.2-nm Bi deposition at RT 
with flux ~ 0.4 Å/min. Mostly 1D Bi multilevel (usually two levels) stripes were 
obtained. Statistical analysis discloses that the average height of the first level is ~ 
13.6±1.1 Å, whereas top level structure has height ~ 6.7±0.7 Å. Compared to the 
atomic layer spacing [d110 (3.28 Å)] of α-Bi(110) structure [30], measured heights 
show even number multiple of d110. Fig. 4.3(b) displays a STM image after deposition 
of 1.5-nm Bi on HOPG at RT with flux 0.8 Å/min. In this case, multilevel Bi stripes 
have four levels. The width and height of the first level of Bi stripes is more than the 
top levels. The 1D multilevel growth in present case indicates the presence of a 
barrier for adatom migration from the side faces to the top faces of the structure. The 
first layer from surface of HOPG has average height ~ 13.6±1.2 Å, whereas others 
have average height ~ 6.6±0.8 Å. The first level height of 1D Bi multilevel stripes is 
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nearly equal to four times of the atomic layer height of α-Bi(110), whereas the top 
levels of Bi multilevel stripes are nearly two times of step height of α-Bi(110). Odd 
number atomic layer heights of Bi multilevel structures have not been found. The total 
height of multilevel structure is ~ 34 Å which is ten times of α-Bi(110) atomic layer 
spacing. These experimental observations indicate that the even-number layers of 
these multilevel structures are more favorable, same as 1D Bi NWs discussed in 
section 4.3.1. After more deposition, these α-Bi(110) multilevel structures start to 
transform to α-Bi(111) structure. In the case of Bi on Si(111) [19], the transformation 
from α-Bi(110) structure to α-Bi(111) structure occurred after four atomic layers of α-
Bi(110) structure, whereas in this case, the ‘magic’ height is ten atomic layer of α-
Bi(110) structure. 
The high resolution image on top of 1D multilevel stripe reveals the rectangular 
unit cell. The unit cell size of rectangular structure is 4.34±0.11 Å along the length 
(vector a1) of 1D multilevel and 4.64±0.11 Å along the width (vector a2) as shown in 
Fig. 4.3(c). The high resolution image on the first level of multilevel stripes also has 
found the same crystalline unit cell (not shown here). Comparing with α-Bi(110) unit 
cell size (4.54 Å × 4.75 Å) [30], obtained experimental values are 5% less in 
longitudinal axis whereas only 2% less in transverse axis of linear structure. The 
contraction of lattice periods is the same as 1D Bi NWs on HOPG in previous section 
and can be explained with the same mechanism.  
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Fig. 4.3. STM images of Bi on HOPG of different coverage deposited at RT. (a) 
after ~ 1.2 nm Bi at flux ~ 0.4 Å/min; (b) after ~ 1.5-nm Bi with flux of ~ 0.8 
Å/min; (c) atomic scale image (12 nm × 12 nm) on top of stripes; (d) after ~ 
2.8-nm Bi at flux ~ 0.8 Å/min. 
 
At high coverage, multilayered triangular structures were obtained along with 1D 
multilevel structure. Fig. 4.3(d) presents a STM image after 2.8-nm Bi deposition on 
HOPG at RT. Scott et al. also observed the triangular structures along with stripes 
after ~ 4-nm Bi on HOPG at RT [14]. The heights of these triangular structures are 
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α-Bi(111), as given in Table 1.1. From this observation, it is clear that these 
multilayer triangular islands have α-Bi(111) structure.  
 
 
Fig. 4.4. STM images of different areas of HOPG after ~ 0.8-nm Bi deposition 
at RT with high flux of ~ 4.0 Å/min; (a) 500 nm × 500 nm; (b) 250 nm × 250 
nm.  
 
A noteworthy feature here is that at low coverage, the 2D islands show even-
number bilayer stability, whereas at high coverage, there is no such kind of growth 
behavior. There are some similarity and difference in comparison to the previous 
study of Bi on Si(111) [19]. Both α-Bi(111) and α-Bi(110) structures were found on 
HOPG at low flux and coverage (< 1.5 nm), whereas only α-Bi(110) structure was 
obtained on Si(111) after deposition of ≤ 1.5-nm Bi [19]. There is structural 
transformation from α-Bi(110) to α-Bi(111) after 1.5-nm Bi on Si(111) at RT [19], 
whereas exclusively α-Bi(110) structure was found on HOPG after ~ 0.8-nm Bi at 
high flux [Fig. 4.4]. The 1D multilevel stripes on HOPG which have α-Bi(110) 
structure, shows even-number-layer stability same as α-Bi(110) on Si(111). Scott et 
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structures were formed, whereas after 4-nm Bi deposition on HOPG at RT, all Bi 
structures have (111) orientation. Here, the surface morphology of Bi on HOPG has 
been studied for deposition amount ranging from 0.2-nm to 3-nm. Only α-Bi(110) 
multilevel structures were found either at deposition amount ~ 1.5-2.5 nm at low flux 
or after deposition at high flux [Fig. 4.3(a-b) and Fig. 4.4]. From these observations, it 
may be anticipated that multilevel Bi stripes on HOPG are obtained at certain high 
coverage irrespective of flux. However, the width of first level of multilevel structures 
depends on the deposition flux as described below. 
Fig. 4.4(a) represents a STM image after deposition of 8 Å Bi on HOPG at a high 
flux ~ 4.0 Å/min at RT. Exclusively, 1D multilevel Bi structures were obtained as 
shown in Fig. 4.4(a). Fig. 4.4(b) is zoom-in image of Fig. 4.4(a).  It is clear that at 
high flux, only multilevel structures were observed even at low coverage. The height 
of first level is ~ 14 Å, whereas top levels have height ~ 6.8 Å, revealing even number 
α-Bi(110) layer stability. For the same coverage, Fig. 4.2(a) differs enormously from 
Fig. 4.4 in terms of morphologies. The linear features on top of flat Bi structures are 
always parallel to first level. This orientation of elongated crystalline Bi structure is 
influenced by the crystal symmetry of the substrate in spite of the weak interaction.  
In this section, multilevel structures have been obtained at RT either at high 
coverage or at high flux. However, the deposition flux can influence the width of first 
level of multilevel structures. Comparing with Fig. 4.3 (a), 4.3(b) and Fig. 4.4(a), it 
was found that the width of first level increases with flux. For example, the width of 
first level is ~ 100-120 nm at low flux (~ 0.4 Å/min) in Fig. 4.3(a), whereas at high 
flux (~ 4 Å/min), the width of first level is ~ 220-250 nm at same deposition amount. 
However, the height of first level is independent on flux and coverage. In all cases, 
the height of first level is always ~ 13 Å. These observations indicate that the 
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narrower or wider multilevel stripes can be fabricated by adjusting flux at RT.   
 
4.3.3  At substrate temperature 350-375 K: No multilevel stripes 
Various ways have been found to control the shape of Bi nanostructures on HOPG 
under different Bi flux and substrate temperature. Fig. 4.5(a) displays a STM image 
after deposition of 1.4-nm Bi on HOPG at a substrate temperature of 350 K with a 
flux ~ 0.8 Å/min. In this case, mostly 1D structures with some 2D structures were 
observed along steps. The width and height of these 1D structures are in the range of 
~ 25-50 nm and 5-15 nm, respectively. The flat 2D structures have height ~ 4.5-5.5 
nm, much higher than RT grown 2D structures on HOPG. 
It is highly desirable to grow aligned Bi NWs without the simultaneous growth of 
2D and multilevel structures for application perspectives [2-4]. After ~ 0.5-nm 
deposition of Bi with a flux ~ 0.8 Å/min at a substrate temperature of ~ 375 K, 
exclusively Bi NWs were obtained along the steps of HOPG as shown in Fig. 4.5(b). 
The average width and height of these uniform NWs are 20±2 nm and 3.7±0.2 nm, 
respectively. Most of Bi NWs grow not along the steps at RT [12], as observed in Fig. 
4.1(a). However, at 375 K, Bi NWs are only observed along the steps. The fourth step 
from the left, which has larger height than others, is free from any Bi structures. It 
may be due to different electronic properties of different step heights, which probably 
arise from the dangling bond at the step edges. This will affect the mobilities of 
adatoms along the steps and adatom capture coefficients of the steps. Francis et al. 
reported that the adatom capture coefficient of HOPG steps is different at substrate 
temperature ~ 375-390 K than at RT [42]. With further deposition of Bi on HOPG at 
~ 375 K, 2D structures start to grow along with 1D NWs. Fig. 4.5(c) is a STM image 
after 1.4-nm Bi deposition at substrate temperature ~ 375 K with a flux of ~ 0.8 
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Å/min. The growth of multilevel structures was totally suppressed at high substrate 
temperature. The width of Bi NW is ~ 70 nm with height ~ 4 nm. The angles between 
two NWs in this case are 30°, 60° and 120°. 
 
Fig. 4.5. (a) STM image of a HOPG sample after 1.4-nm Bi deposited at ~ 350 
K with a flux of ~ 0.8 Å/min. (b-c) STM images of Bi deposited HOPG sample 
at ~ 375 K at flux ~ 0.8 Å/min after (b) ~ 0.5-nm Bi, and (c) 1.4-nm Bi 
depositions.  
 
Comparing Fig. 4.1(a) and Fig. 4.5(b), at same flux and coverage, it is found that 
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structures. At ~ 375 K, Bi NWs are only obtained along steps whereas Bi NWs and 
2D islands are found at RT. The observed selective growth can be explained in terms 
of different adsorption state and diffusion rates of Bi on HOPG. At substrate 
temperature ~ 375 K, atoms either adsorb along steps or desorb from the terrace. The 
adsorbed Bi atoms diffuse along the steps and density of adatom increases rapidly on 
steps due to the dose from the terraces. Consequently, these adataoms fully coalesce 
among each other and form uniform NWs along the steps. 
Fig. 4.5 indicates that multilevel features were totally suppressed at higher 
substrate temperature deposition even at high coverage, in contrast to that observed in 
the case of RT deposition (Section 4.3.2). The height of 1D and 2D structures at high 
substrate temperature did not show any magic number layer stability. It indicates that 
magic layer stability of Bi nanostructures on HOPG only occurs at RT. This result is 
also consistent with previous reports in which they described the ‘magic’ height 
stability of islands on different substrates either at RT [19,31] or below RT [34].  
 
4.3.4  Crystal structure transformation and crater formation: Annealing effect  
Fig. 4.6(a) displays a STM image of a HOPG sample with ~ 2.5 nm Bi deposited 
at RT (which yields multilevel α-Bi(110) structures) followed by annealing at ~ 375 K 
for 10 min. In this condition, only flat Bi structures with hexagonal voids were 
observed. The formation of hexagonal voids is related to the symmetry of α-Bi(111) 
structure and graphite basal plane. The average height of these flat structures is 
5.5±1.5 nm. Further zoom-in scan on these flat structures reveals clearly hexagonal 
structures with lateral period 4.41±0.12 Å as shown in Fig. 4.6(b). Comparing with 
lattice parameter of α-Bi(111) structure, measured value is only 2.5 % less than the 
expected value (4.54 Å). In this case, the lattice parameters are expanded than 
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previous α-Bi(111) structure due to relaxation of compressive stress after annealing at 
high temperature. Nagao et al. observed that α-Bi(110) phase is only stable at small 
thickness and become unstable at a larger thickness because of smaller cohesive 
energy due to strain in puckered-layered [19]. The same phenomena can be expected 
after heating the α-Bi(110) structure at high temperature. This is the reason that after 
annealing at ~ 375 K, the α-Bi(110) structure has been transformed to α-Bi(111).  




50 nm 250 nm 
 
Fig. 4.6. (a) STM image of 2.5-nm Bi on HOPG at RT followed by annealing at 
375 K for 10 min; (b) high resolution image on top of flat Bi structure; (c) crater 
on top of Bi structure after annealing at 375 K for 10 min of (a); (d) further 
annealing sample (c) at 400 K for 10 min. 
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Some small craters on top of Bi structures were obtained as shown in Fig. 4.6(a). 
These craters predominantly appeared with further annealing of the same sample as in 
Fig. 4.6(a) at 375 K for an additional 10 min. A high resolution image of crater is 
shown in Fig. 4.6(c). The average step height of these craters is 4.08±0.32 Å. 
Comparing with the lattice parameters of α-Bi(111) [30], measured step height of 
craters is close to the bilayer step height (3.95 Å). This experimental result also 
reveals that these Bi islands with craters have α-Bi(111) crystalline structure. The 
bilayer step height of craters indicates that these α-Bi(111) structures which have been 
transformed from α-Bi(110) structures, do not show any even-number bilayer 
stability.  
With annealing of the sample in Fig. 4.6(c) for 10 min at 400 K, most of the 
connected structures break and transformed into individual islands as shown in Fig. 
4.6(d). The heights of these islands fall in the range of 6-8 nm. However, some higher 
islands are also observed, such as the one indicated in Fig. 4.6(d) by “A”, having a 
height ~ 13 nm. The shape of many islands are either hexagonal or rounded 
hexagonal. Some of the islands are formed by coalescence of two hexagonal islands 
joined by one triangular island as shown in Fig. 4.6(d) by dotted lines on top of 
islands. Hexagonal or triangular island shape reveals that these individual islands also 
have α-Bi(111) structure. All Bi desorbs from HOPG after annealing at 650 K. This 
suggests that the interface binding is not as strong as in chemisorption. The wetting of 
the semimetals on graphite may be due to dipole interaction induced by charge 
redistribution. These observations also indicate that 1D Bi multilevel structure on 
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4.4       Conclusion 
Various types of Bi nanostructures such as 2D islands, 1D NWs and multilevel 
stripes on HOPG have been obtained at RT. The shape of Bi nanostructures on HOPG 
mostly depends on the flux, deposition amount and substrate temperature. Only 2D 
and 1D structures were obtained at low coverage, whereas multilevel stripes were 
found at high coverage and high flux. Multilevel stripes were totally suppressed after 
depositing at ~ 350-375 K. The 2D islands are α-Bi(111) crystal structure, whereas 
1D NWs and multilevel stripes have compressed α-Bi(110) structure. The compressed 
lattice parameters for Bi nanostructures can be understood in terms of Laplace 
pressure which is quite large for nanostructures. The 1D multilevel stripes which have 
α-Bi(110) structure, are stable up to ten atomic layer at RT. Above this critical 
thickness or after annealing at 375 K, the entire multilevel structure start to transform 
into an α-Bi(111) structure. These α-Bi(111) structures do not show even number of 
bilayer stability, whereas α-Bi(111) structure obtained at low coverage shows even 
number bilayer stability.  
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Chapter 5  
Comparative growth studies of Al and In nanostructures on HOPG 
and MoS2  
 
5.1       Introduction 
Metal nanoparticles and nanostructures exhibit size-dependent unique physical 
and chemical properties which arise from the large fraction of their surface atoms, in 
contrasting markedly to bulk metals [1,2]. The behaviors of metal nanostructures on 
surfaces are closely related to applications in catalysis, electronic nanodevices, and 
single-domain magnets [3-5]. Generally, the applications of nanostructures are 
influenced by their shape and size that can be engineered by controlling the growth 
process. Among the several parameters that can affect the growth and morphology of 
nanostructures, the overlayer-substrate interaction, including strain and interface 
bonding, may play a prominent role in tailoring the properties of nanostructures [6]. 
The intrinsic properties of metal nanostructures cannot be revealed without the 
influence of substrates in many cases where metals interaction with substrates is 
strong [7,8]. There are several ways to prevent intermixing of metals nanostructures 
with substrates in order to reveal the intrinsic properties such as using buffer layers 
and different kind of inert substrates (HOPG and MoS2) [9-14].  
In this Chapter, comparative studies of Al and In nanostructural growth on HOPG 
and MoS2 using an in-situ scanning tunneling microscopy (STM) in ultra-high 
vacuum (UHV) is presented. Several features of Al on HOPG and MoS2, such as 
islands with craters, nanoparticles (NPs) and ramified islands were obtained at room 
temperature (RT). For Al on HOPG, clusters were formed initially at step edges and 
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defect sites of HOPG and later on flat 3D islands. With further deposition, craters and 
crater chains were observed on the top facet of the flat Al islands. The isolated Al 
islands on terraces are mobile during STM scanning, but they can be pinned on 
HOPG terraces by Sb deposited at RT. In case of Al on MoS2, Al NPs with diameter 
in 4-16 nm range were obtained when Al was deposited in a low flux regime, whereas 
ramified islands were found in a high flux at RT. The ultra-thin (~ 1.2-2 nm) Al film 
and islands were obtained on MoS2 at substrate temperature ~ 500 K. Triangular and 
hexagonal In islands were obtained on HOPG at different growth conditions. Both Al 
and In islands on HOPG have (111)-oriented crystalline structures at RT. For In on 
MoS2, mostly ultra-thin (~ 1.2-2 nm) triangular In islands were observed on MoS2 at 
low coverage and RT. With increasing coverage or high flux, large coalesced irregular 
islands along with triangular and round-shaped ones of increased average height were 
found. Triangular and round-shaped islands were obtained after annealing the RT-
deposited In on MoS2 sample at 450 K. When deposited at ~ 340-375 K, exclusively 
triangular In islands were obtained on MoS2. These results demonstrate that the shape 
of Al and In nanostructures grown on MoS2 can be controlled in self-assembly by 
adjusting substrate temperature, deposition flux and amount.  
 
5.2        Experimental 
The sample preparation and characterization experiments were performed in two 
UHV-STM systems as described in Chapter 2. RT-deposited In on HOPG was 
scanned at 100 K using variable temperature STM whereas other samples were 
characterized by using RT-STM. Due to weak interaction between the layers, fresh 
surfaces of HOPG and MoS2 are easily obtained by cleaving in air with adhesive tape. 
Shortly after cleaving, HOPG and MoS2 substrates were transferred into the UHV 
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chamber through a fast entry load-lock. HOPG and MoS2 were degassed in UHV for 8 
hours to remove atmospheric adsorbates at ~ 800 K and ~ 600 K, respectively. Al 
(purity 99.995%) and In (purity 99.999%) were evaporated from Al- and In-wetted W 
filaments, respectively. Before deposition, both sources were degassed at appropriate 
temperature for a few hours in order to remove contamination. During the deposition 
of these elements, the chamber pressure was maintained below 5 × 10-10 mbar. The 
flux was calibrated using Aüger electron spectroscopy (AES) and STM.  
 
5.3       Results and Discussion 
5.3.1    Al nanostructures on HOPG 
Figure 5.1(a) displays a STM image after ~ 0.3 nm Al deposition on clean HOPG 
at RT. Mostly Al clusters were obtained at steps of graphite and none can be seen on 
the terrace area of HOPG, similar to that of Ag growth on HOPG [15,16]. This 
indicates that the interfacial binding between Al and perfect graphite surface is too 
weak to stabilize Al structures at RT. Only at step edges and terrace defects of HOPG, 
the binding is strong enough to trap atoms for cluster nucleation. This result is 
consistent with those using in situ X-ray photoelectron spectroscopy (XPS) 
investigation and ab initio molecular dynamics calculations [17,18]. Al atoms exhibit 
high mobility on graphite surface due to a very low diffusion energy barrier (~ 0.02 
eV), and small clusters can be formed because of random collision among Al atoms 
[18]. These small Al clusters were observed along steps due to a relative strong 
binding interaction there. In order to quantify the height distribution of the clusters, 
several STM images similar to Fig. 5.1(a) have been analyzed. The distribution of 
cluster heights is plotted in Fig. 5.1(b), and is fitted roughly with a Gaussian 
distribution with an average height of 5 nm and a dispersion of ~ 1.4 nm.  
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Fig. 5.1 (a) Al cluster chains at steps of HOPG after deposition of ~ 0.3 nm Al at 
RT; (b) histogram of clusters height; (c) Al island chains at step edges after 
deposition of ~ 0.5 nm Al at RT, the inset shows facets on islands (scan area: 75 
nm × 75 nm); (d) and (e) histograms of island height and width with 
corresponding Gaussian fits, respectively.  
 
With further Al deposition at the same condition, crystalline islands with facets 
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nm Al deposition on HOPG at RT. The island growth mode is not surprising, given 
the large surface free energy 1.15 J/m2 for Al [19] versus 0.2 J/m2 for graphite [20]. 
The facets of Al islands are shown more clearly in the inset of Fig. 5.1(c).  
Images similar to Fig. 5.1(c) have been used in the analyses of the height and 
width distributions of Al islands as plotted in Fig. 5.1(d) and 5.1(e), respectively.  
Here, the Gaussian fit of island heights has an average height 5.5-nm with a 
dispersion of 1.0 nm, narrower than that of Al clusters. The island width is defined as 
the lateral size in the direction perpendicular to the chains. The width distribution in 
Fig. 5.1(e) is fitted with a Gaussian distribution function centered at 29 nm with a 
dispersion of only 4 nm, which is less than 15% of the average island width. The 
height and width of these crystalline Al islands showed much narrower distributions 
in comparison to those of 3D Sb islands presented in Chapter 3. 
Fig. 5.2(a) shows isolated islands on terraces as well as elongated Al islands at 
steps obtained after ~ 3-nm Al deposition on HOPG.  The heights of elongated islands 
at steps are in the range of 12-14 nm. However, isolated Al islands on the terraces 
have heights of ~ 20-25 nm which are nearly twice as high as the elongated islands at 
steps. It was found that isolated Al islands of quite large size (lateral size ~ 180 nm, 
height ~ 25 nm) could be moved by the STM tip during scanning with VS = 0.6 V. 
When these islands are dragged to be in contact with those at step edges, they settle 
there. McBride et al. observed that Au islands are also mobile on HOPG due to a 
strong interaction with STM tip during scanning [21].  
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Fig. 5.2 Al islands along steps and on terraces after (a) 3 nm, (b) 6 nm and (c) 
10 nm Al deposition at RT; (d) variation of the average height with deposition 
amount, of elongated Al islands along HOPG steps grown at different flux. Scan 
area: (a) (2 µm)2, (b) (15 µm)2, and (c) (3.5 µm)2. 
 
The sizes of elongated islands along steps are increasing with deposition. A 
scanning electron microscopy (SEM) image after 6-nm Al deposition at RT is shown 
in Fig. 5.2(b). The average height of elongated islands along steps is 14 nm, while the 
average height of isolated islands is 28 nm (measured on STM images, not shown 
here).  Comparing with the 3-nm deposition case, the Al islands grow much faster in 
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mostly attach to the side or fill in the gaps between existing islands. Consequently, the 
coalescence between neighboring islands is promoted to form bigger islands and the 
number density of islands decreases with more deposition. Such lateral-dominant 
growth behavior persists, as illustrated in Fig. 5.2(c), which was taken after 10 nm Al 
deposition on HOPG at RT. Although some isolated islands remain visible, ~ 95% of 
Al is integrated into the continuous islands starting at steps, partially due to 
coalescence of isolated terrace islands with those along steps. The heights of these 
islands are ~ 16-18 nm. If deposition continues, it can be expected fairly uniform 
Al(111) film on HOPG with thickness ≤ 30 nm. 
Fig. 5.2(b) shows an ex-situ SEM image after deposition of 6-nm Al on HOPG at 
RT. Comparing with STM images, the SEM images provide more accurate 
information about the location and density of islands on the terraces.  Most steps of 
HOPG are decorated with elongated flat Al islands. Isolated triangular Al islands are 
observed mostly on wide terraces of graphite. The atoms landing on wide terraces can 
collide with each other to form clusters and subsequently faceted islands before 
hitting a step or an Al island at a step. On the other hand, atoms landing on narrow 
terraces have a high probability to hit a step before colliding with each other, so the 
nucleation of Al islands is minimized. Most of these triangular Al islands on wide 
terraces take two preferential in-plane orientations with respect to the graphite 
substrate lattice.  Similar to other face-centered cubic metals such as Pd on SrTiO3 
[22], the triangular Al islands have {111} facets on the side.  The edges of the top 
triangle, which are along 〈110〉, are found mostly parallel to the 〈 0110 〉 of the graphite 
substrate [23]. The two opposite in-plane orientations (with nearly equal probabilities) 
of Al islands with respect to the substrate lattice reflect the mirror symmetry of 
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graphite (0001) with respect to 〈 0110 〉. Due to the limited number of islands in this 
SEM image, the numbers of two opposite oriented Al islands are not equal. When the 
islands in a larger area are counted, the numbers get close to each other.     
The variation of the average height of elongated Al islands along the steps on 
HOPG as a function of deposited amount of Al at different flux is plotted in Fig. 
5.2(d).  For both fluxes, the elongated island heights increase with the deposition 
amount initially and later on saturate at 14.5±2 nm. The average height of the 
elongated islands at the flux of 1.0 Å/min is slightly more than that at 2.2 Å/min for 
the same deposition amount.  Quantum size effect (QSE) can lead to the thin film 
growth of a preferred (critical) thickness [24]. Ag grows on GaAs(110) with a critical 
thickness of 1.5 nm [25]. The preferred thickness of Pb islands grown on Si(111) is 7 
monolayer (or ~ 2.0 nm) [26].  In this case, the lateral size of elongated islands 
increases nearly in proportion with the increase of deposition amount from 3 nm to 6 
nm, but the average height changes little. The QSE mechanism should be significant 
in an Al(111) thin film of a thickness within ~ 2 nm [27]. The saturation thickness of 
Al islands in this case is ~ 14 nm, much more than 2 nm. In addition, magic-thickness 
growth due to QSE normally occurs at low temperature. Therefore, QSE is unlikely to 
be the reason for the Al film thickness saturation observed here. Another explanation 
for the self-limiting of Al island height is due to the changing of the bonding nature of 
Al with HOPG. From the spherical clusters to flattened islands, the adhesion between 
Al and HOPG seems to be increasing. These observations show the non-wetting 
behaviors of Al clusters at initial stage to partial wetting of Al on HOPG later on. The 
formation of flattened islands can be explained on the basis of electron transfer from 
Al adatoms to graphite [23]. 
 104
Chapter 5: Comparative growth studies of Al and In nanostructures on HOPG and MoS2  
 
(a) (b) 
30 nm 10 nm 
 
Fig. 5.3 (a-b) Craters chain and crater on top of larger Al islands at RT. Scan 
area: (a) 110 nm × 110 nm; (b) 40 nm × 40 nm. (c) Schematics of island 
coarsening leading to crater formation; (d) coarsening of three Al islands results 
in a crater in middle. 
 
On samples with 3-10 nm deposition, some voids are observed on top of the large 
Al islands as shown in Fig. 5.2(a) and 5.2(c). The bottom of these voids do not reach 
graphite surface, here it is called craters. A large island on terrace may have several 
craters on top. As shown in Fig. 5.3(a), crater chains are formed on the top of 
elongated island at steps. The image in Fig. 5.3(b) clearly shows that the crater 
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of atomic steps in a crater is 2.52±0.2 Å, a little larger than the monolayer step height 
on Al(111) in bulk phase (2.34 Å).  The observation of rounded hexagons in the 
craters confirms that the top facets of the islands are Al(111).  
A simple model is proposed for the mechanism of craters formation. At the initial 
stage, Al atoms diffuse fast on HOPG surface, and the nucleation of small clusters 
occurs when Al atoms meet together.  These Al atoms and small clusters arrive and 
stay at defect sites with relative strong binding force. With further deposition of Al, 
small clusters grow up and become immobile gradually, as larger clusters have a 
higher diffusion barrier or lower attempt frequency.  Small islands still can diffuse on 
defect-free area.  When several islands meet, they merge from an island group into 
one large coherent island.  In such coarsening process, Al atoms are required to fill in 
the bare HOPG surface area surrounded in the middle of the island group.  Previous 
investigations have shown that coalescence happens at RT for Al islands, and kink 
and corner breaking induce a transition towards equilibrium-shaped islands [28,29]. 
However, even though the energy barrier for an Al atom to jump down a step is small 
(0.06-0.08 eV) [29], the inter-layer mass transport is hindered at RT due to a high 
energy barrier (~ 0.8 eV) for atom evaporation from the steps [28].  Therefore, Al 
atom transport to the middle of the island group is much slower than the migration 
along the perimeter, yielding a crater with nearly round shape in the center. The 
scenario of crater formation is sketched schematically in Fig. 5.3(c) in three stages.  
Fig. 5.3(d) demonstrates an island group (not at step edge) in early merging stage, in 
which the crater in the center and the boundaries between smaller islands near the 
perimeter can be easily identified.  The formation of craters is related to the 
coalescence of a few (≥ 3) Al crystallites grouped together. Similar process is 
applicable to the formation of crater chains on the elongated islands along step edges. 
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The craters on the large Al islands disappear after a 25-min annealing at 600 K, 
indicating that they are not thermodynamically stable. This is due to the activation of 
edge evaporation at high temperature, leading to an enhanced inter-layer mass 
transport of Al islands.  
  
 
Fig. 5.4 STM image (1.66 µm × 1.66 µm) taken after 6-nm Al deposition 
followed with 2.5-nm Sb deposition on HOPG at RT. 
 
As discussed previously, isolated Al islands are mobile on HOPG during STM 
scanning.  The stability of isolated Al islands on terrace against the mobilization after 
introducing Sb is examined.  Fig. 5.4 shows a STM image of a HOPG sample with 6-
nm Al deposited first at RT followed by 2.5 nm Sb deposition.  In this figure, the 
higher islands are Al and the lower ones are 2D Sb structure. The isolated Al islands, 
while remaining on graphite, are surrounded by the 2D Sb structure of height ~ 5 nm. 
The top of the Al islands has also been covered with Sb, so the top surface appears 
relatively rough. The total height of the Al islands with Sb overlayer is about 30 nm. 
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Sb. The formation of 2D Sb structure on HOPG indicates a strong interaction with the 
substrate, leading to the immobilization of the Al islands on HOPG after being 
surrounded by the Sb structure. As it is known that a variety of metal and 
semiconductor nanostructures on HOPG surface are not stable against scanning tip 
due to a weak interfacial binding, this method might be helpful for solving this 
problem, so that the real size and spatial distributions of these nanostructures can be 
captured accurately with STM. 
 
5.3.2  Al NPs and ramified islands on MoS2 
Metal NPs grown on an inert substrate are a suitable model system to study the 
size dependent properties of supported NP, since the NP intrinsic properties should 
not be dramatically altered by interaction with the substrate. Exclusively spherical Al 
NPs were obtained after 0.4-nm Al deposition on MoS2 at RT with flux ~ 0.8 Å/min, 
as shown in Fig. 5.5(a). The NP growth takes place likely due to the diffusion and 
coalescence of atoms and small clusters. The apparent particle diameter, which was 
measured as the width at the half-maximum of the particle height profile, has been 
analyzed from several images. The average diameter of NPs is 6.8 nm. The heights of 
these NPs fall in the range of 1.2-4 nm.  
With further deposition at the same flux, the sizes of NPs increased as shown in 
Fig. 5.5(b) taken after 0.8-nm Al deposition at RT. The average diameter and heights 
of NPs are 7.5 nm and 1.4-5 nm, respectively. With increasing deposition amount, 
most of MoS2 surface is covered by Al NPs as shown in Fig. 5.5(c) taken after 1.6-nm 
Al deposition at RT. The average diameter of Al NPs in this case is 8.3 nm. The 
heights of these NPs are 2.2-5.5 nm. The Al NP formation can be understood in terms 
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of a significant higher surface energy of Al (1.15 J/m2) [19] than that of MoS2 (0.3 
J/m2) [30], and a weak interaction between Al and MoS2.  
To further increase the NP size, more Al was deposited on MoS2 at RT. Fig. 
5.5(d) shows a STM image of 3.2-nm Al deposited MoS2 surface with flux ~ 0.8 
Å/min. The MoS2 surface is fully covered by Al NPs. The average diameter of NPs is 
11.3 nm, while the NP heights are in 3.5-6 nm range. In the case of Al on HOPG, 
flattened and triangular islands were obtained at steps and defect sites after 3-nm Al 
deposition in flux ~ 1 Å/min at RT. Even though both HOPG and MoS2 are inert, the 
surface energy of graphite is 0.16-0.2 J/m2 [20], slightly lower than that of MoS2. 
Different growth behaviors of Al nanostructures were found on these two substrates, 
indicating that a subtle change in metal-support interaction can alter particle shape 
significantly. This result indicates that different growth behaviors of metal 
nanostructures can occur on various van der Waals surfaces. 
The dependence of the number density of NPs on deposition amount at a flux of 
0.8 Å/min is depicted in Fig. 5.5(e). The density peaked at ~ 7.2 × 1011 cm-2 for 1.6-
nm Al deposition. The NPs density decreased and reached ~ 5.6 × 1011 cm-2 after 
deposition of 3.2-nm Al at the same flux. This decrease of particle density with 
deposition amount indicates extensive occurrence of Al NP coalescence. Based on 
Fig. 5.5(e), it can be seen that in the initial stage of deposition, the NP density 
increases due to the dominance of nucleation process. With further deposition, the 
coalescence process coexists with nucleation and growth [Fig. 5.5(c)], and later 
dominates over the nucleation process [Fig. 5.5(d)]. The average diameter of NPs 
increases with deposition amount as shown in Fig. 5.5(e).  
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Fig. 5.5 Representative STM images (300 nm × 300 nm) of Al NPs on MoS2 at 
RT formed after deposition with flux ~ 0.8 Å/min and deposition amount of (a) 
0.4-nm, (b) 0.8-nm, (c) 1.6-nm and (d) 3.2-nm. (e) Variation of Al NPs density 
and average diameter with deposition amount at flux ~ 0.8 Å/min; (f) 2-nm Al 
deposited on MoS2 with high flux ~ 4 Å/min at RT.  
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After ~ 2-nm Al deposition on MoS2 at RT with a high flux ~ 4 Å/min, the surface 
of MoS2 is covered with flower-shaped ramified islands, as shown in Fig. 5.5(f). This 
surface morphology of Al on MoS2 is quite similar to that of Sb deposited with a high 
flux on MoS2 [31]. The lateral width of these flower-shaped ramified Al islands is 
typically 20-60 nm. The average height of these ramified Al structures is 2.4±0.4 nm. 
These ramified islands are formed by Al NPs of lateral size in 6-10 nm range attached 
with each other. The density of ramified islands is ~ 7.5 × 1010 cm-2. Such ramified 
island growth can be explained in terms of diffusion-limited aggregation (DLA) 
modeled by Witten and Sander [32]. According to their model, atoms deposited on a 
substrate perform random walk and will be captured by growing aggregates upon any 
encounter with little diffusion along the edge of aggregates, forming fractal islands. In 
the case of Al or Sb on an inert substrate, the deposited atoms (or Sb4 molecules) can 
quickly form clusters, and then these clusters diffuse, aggregate and coalesce [10].  In 
low deposition flux regime, clusters impinge on an existing island after the earlier 
arrived ones completely coalesced with the island, resulting in a compact island.  
Under a high flux, however, the cluster arriving time at the perimeter of island is very 
short in comparison to the coalescence time, so that the coalescence among clusters is 
far from complete.  Consequently, ramified cluster islands form on the surface.  
Ultra-thin Al islands were obtained after ~ 1-nm Al deposition on MoS2 at ~ 500 
K, as shown in Fig. 5.6(a). At a higher substrate temperature, coalescence between 
atoms and/or clusters occurs more rapidly than in RT-deposition. The heights of these 
islands are in the range of 1.2-1.5 nm.  Zoom-in scans show that the top surface of the 
islands appears not atomically smooth. It is possible that Al had reacted with S at the 
raised substrate temperature. With increasing deposition amount in the same condition, 
most of MoS2 surface was covered by ultrathin Al film, as shown in Fig. 5.6(b) taken 
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after a 3.5-nm deposition. The thickness of ultra-thin film is in 1.3-2 nm range, again 
possibly due to a chemisorption state of Al on MoS2 at raised temperature.  
 
 
Fig. 5.6 STM images (800 nm × 800 nm) of Al deposited on MoS2 at 500 K 
with flux ~ 0.8 Å/min and deposition amount of (a) 1-nm, (b) 3.5-nm.   
 
 
5.3.3 Growth of In on HOPG 
Fig. 5.7(a) represents a STM image of HOPG sample after 0.6-nm In deposition at 
RT with a flux of 1.2 Å/min. Mostly triangular and hexagonal In islands were 
observed on steps of HOPG. The steps of HOPG were fully decorated by faceted Al 
islands in case of Al on HOPG [Fig. 5.1(c)], whereas for In on HOPG, the density of 
In islands on HOPG steps is very low even at the same deposition amount. The Al 
nanostructures on HOPG were fairly stable against STM scanning at RT. However, In 
islands on HOPG are not stable during RT scanning. Thus, the RT- deposited samples 
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Fig. 5.7 (a) STM image of In islands on HOPG after 0.6-nm In deposition at RT 
with flux ~ 1.2 Å/min; (b) crystal structure of In with the bct cell outlined with 
dot-line; (c) histogram of islands height in (a); (d) atomic-scale image on flat 
top of In island.  
 
The difference in the morphology of In and Al nanostructures grown on HOPG at 
RT reflects the differences in the particles interactions with each other and the 
diffusivities of atoms and clusters. Atoms and clusters of In appear quite mobile on 
the substrate as well as diffuse rapidly on the side facets of islands. These lead to the 
island formation and coalescence occurring readily. Surface diffusion is a thermally 
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activated process and it depends on temperature and activation energy as given by an 
Arrhenius law [10]:  
                                    ⎥⎦
⎤⎢⎣
⎡−= kT
EDTD aexp)( 0                                             (5.1) 
where D(T) is surface diffusion coefficient, Ea is an activation energy, k is Boltzmann 
constant and T is substrate temperature. The bulk melting point and surface tension 
(energy) of In are less than those of Al [33]. The activation energy Ea of In for surface 
atomic diffusion in Eq. (5.1) is expected to be less than that of Al. From Eq. (5.1), it is 
confirmed that surface diffusion of In atoms or clusters will be faster than Al at the 
same temperature. For a given cluster size, the characteristic coalesce time is 
inversely proportional to surface diffusion coefficient [34]. According to this 
assumption, the coalesce time for In atoms or clusters will be smaller than Al. This is 
the reason that bigger In islands were obtained on HOPG in comparison to Al at the 
same growth conditions.  
Statistical analysis showed that 90% of In islands on HOPG have triangular shape. 
The normal crystal structure of In is body-centered tetragonal (bct) as shown by the 
dot-line cell in Fig. 5.7(b) with lattice parameters abct = 3.25 Å and c = 4.94 Å [35]. It 
can be more naturally described as a face-centered tetragonal (fct) lattice with 
parameters afct = 4.59 Å and c = 4.94 Å at 300 K with c/a = 1.076. It means that In can 
be considered as face-centered cubic (fcc) material slightly elongated along the c-axis. 
Throughout this Chapter, the In lattice is described as fcc lattice. The formation of 
mostly triangular islands is related to the adatom surface diffusion barrier. It is well 
known that fcc (111) layers have two types of close-packed step edges, namely A- 
and B-types. The activation energy barrier for atom diffusion along A-type step is 
higher than that along the B-type. This situation favors anisotropic growth at A-type 
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steps, leading to triangular islands [36]. This is the reason that most of the fcc metals 
such as Al and Au have triangular islands with (111) orientation on terraces of HOPG 
[14,37].  
For analysis of height distribution of In islands, the heights of 250 islands in 
several STM images similar to Fig. 5.7(a) have been measured. The histogram of 
islands height is displayed in Fig. 5.7(c), and is fitted roughly with a Gaussian 
distribution with an average height of 5.5 nm and a dispersion of ~ 1.0 nm. Fig. 5.7(d) 
displays a high resolution atomic-scale image on top of In islands on HOPG. The 
quasi-hexagonal ordered structures with lateral period 3.26 Å was obtained on flat top 
of In islands which agrees with the lattice parameters of In(111) [a = 3.25 Å] [35]. 
From this experimental observation, it is confirmed that these 3D In islands have 
In(111) crystalline structure.  
The morphology of In islands on HOPG in initial stage is quite different from 
other elements on HOPG [14]. As previous study of Sb and Ge on HOPG [14], mostly 
clusters and islands of these elements cross over the steps if they are higher than steps, 
whereas 96 % of In islands were obtained at the lower terrace of step edges even they 
are higher than the steps. The clusters or islands pinned at the upper step edges in 
most cases where the interaction with over-layer is strong [38]. The preference of 
cluster attachment to the upper terrace edge can be explained on the basis of Ehrlich-
Schwoebel (E-S) barrier [39] that acts against adatoms jumping down a step. The 
situation here implies a low E-S barrier for In on HOPG.  
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(a (b) 200 nm 
300 nm 
 
Fig. 5.8 STM images of In islands on HOPG at RT with flux ~ 1.2 Å/min. (a) 
after 1.2-nm In; (b) after 2.4-nm In; (c) after 6-nm In; (d) variation of the island 
density with deposition amount. 
 
Both the number density and heights of islands increases after 1.2-nm In 
deposition on HOPG at flux ~ 1.2 Å/min and at RT, as shown in Fig. 5.8(a). The 
height of islands varies from 6-10 nm. The percentage of hexagonal islands increases 
with deposition amount. After deposition of 2.4-nm In, the heights of In islands fall in 
range of 6-15 nm [Fig. 5.8(b)]. Among those islands, the higher ones were obtained 
either on terraces or on the upper sites of step edges. This is similar to the growth of 
Al on HOPG [Fig. 5.2(a)] in which the isolated islands on terraces are approximately 
(c) (d) 




















Amount of In deposited (nm)300 nm 
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two times higher than elongated islands on steps. Islands with height up to ~ 20 nm 
were obtained after 6-nm deposition at RT as shown in Fig. 5.8(c).  
The dependence of the number density of In islands on deposition amount at a 
flux of 1.2 Å/min is depicted in Fig. 5.8(d). The density of In islands first increases 
with deposition amount due to the availability of nucleation sites on steps. The density 
of In islands peaked at ~ 4 × 109 cm-2 for 2.4-nm In deposition, at which the steps are 
mostly decorated by In islands [Fig. 5.8(b)].  The island density decreased and 
reached ~ 2.5 × 109 cm-2 after deposition of 6-nm In. The decrease of number density 
of islands is related to the coalescence of islands, larger islands in Fig. 5.8(c) 
compared to Fig. 5.8(a-b).  For Al on HOPG, very long elongated Al islands were 
found on steps at RT [Fig. 5.2(a-c)], whereas the In islands in Fig. 5.8 have small 
triangular and hexagonal shape.  
Fig. 5.9(a) shows a STM image after deposition of 3-nm In on HOPG at high flux 
~ 6 Å/min and at RT. In this case, more hexagonal islands are formed than the 
triangular ones. Steps of HOPG are fully decorated by In islands. The height of these 
islands is ~ 8-10 nm. Statistical analysis reveals that the size of In islands here is 
larger than that of low-flux deposition [Fig. 5.8 (a-c)]. After 6-nm deposition at the 
same flux, irregular islands were obtained on HOPG as shown in Fig. 5.9(b). The 
heights of these irregular islands are ~ 12-16 nm. Comparing Fig. 5.8(a-c) and Fig. 
5.9, it is clear that the shape of In islands on HOPG depends on the deposition flux as 
well as amount. 
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(a) (b) 
300 nm 600 nm  
Fig. 5.9 STM images of In islands on HOPG at RT with high flux ~ 6 Å/min: (a) 






Fig. 5.10 Group of In islands on HOPG, with (b) taken 30 min after (a). The 
digits label the same islands in (a) and (b). Scan area: (500 nm)2.   
 
Migration and rotation of In islands during STM scan were observed, especially 
for those in contact with each other. Fig. 5.10(a) and (b) are two consecutive STM 
images, taken 30 min in time separation, showing the position and orientation 
changes of a group of In islands. Both images are taken at 100 K with bias voltage 
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stable in both images. Island “2” rotated ~ 30° and moved ~ 100 nm to get in touch 
with “1” which is along step. Island “4” however, rotated 60° and moved a short 
distance from the initial position to reach the step on the right side. The heights of 
islands “2” and “4” are ~ 7 nm and 9 nm, respectively. However, the position of 
island “5” is unaltered after several frames of scanning. It seems that this island 
forms on a defect of HOPG. In Fig. 5.10(b), the sub-surface sheet edge of graphite 
[shown by white arrow in Fig. 5.10(b)] can be easily seen after movement of island 
“2”.  
 
5.3.4 Shape controlled growth of In nanostructures on MoS2 
Fig. 5.11(a) displays a STM image taken after 0.6-nm In deposition on a MoS2 
sample at RT with a flux of ~ 1.2 Å/min.  Triangular islands as well as some round-
shaped In islands were observed on flat terrace of MoS2. The heights of these In 
islands fall in the range of 1.2-2 nm. Statistical analysis showed that 90% of In islands 
have triangular shape. The triangular islands have atomically flat top surface and are 
azimuthally oriented in one specific direction. It is remarkable that, in spite of the van 
der Waals nature of MoS2 surface, it imposes orientational registration on In islands.  
The In(111) has quasi-hexagonal structure with an in-plane lateral period of ~ 3.25 
Å. The top view of MoS2(0001) surface has a hexagonal lattice with a = 3.16 Å, as 
shown in Fig. 1.3 [40].  There is a 3% in-plane lattice mismatch between In(111) and 
MoS2(0001). In the case of Au on MoS2 [41], (111)-oriented triangular islands were 
also obtained. These observations reveal that the triangular In islands with (111) 
orientation grow epitaxially on MoS2 at RT. This result is consistent with previous 
transmission electron microscopy (TEM) study by Pócza et al., in which In islands 
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were shown grown epitaxially on MoS2 at RT with MoS2(0001)//In(111) and 
MoS2 ]0112[ //In ]011[  [42]. 
 
Fig. 5.11 (a) STM image of 0.6-nm In deposited with flux ~ 1.2 Å/min on MoS2 
at RT; after (b) 1.8-nm and (c) 4.2-nm In deposition; and (d) is the sample in (c) 
annealed at ~ 450 K for 10 min. Scan areas of STM images: 3 µm × 3 µm. 
 
The large irregular islands were found after more In deposition as shown in Fig. 
5.11(b). Triangular islands start to coalesce with each other after a deposition of 1.8-
nm In with flux ~ 1.2 Å/min on MoS2 at RT. Now, the island heights are in the range 
of 3.3-8 nm. Fig. 5.11(c) shows a STM image of a MoS2 sample after ~ 4.2 nm In 
(b)(a)
750 nm 750 nm 
(c) (d)
750 nm 750 nm 
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deposited. At this coverage regime, large irregular In islands (heights 5-8 nm) and 
some small triangular ones (heights 8-13 nm) are found in STM images. Most likely, 
the large irregular islands have been generated by the coalescence of small triangular 
ones, as the latter still present in intermediate region where no coalescence has 
occurred yet. The large coalescing In islands were also observed on GaAs(001) at 
high coverage [43].   
Island shape transformation occurs after annealing the MoS2 sample of Fig. 
5.11(c) at 450 K for 10 min. In this case, triangular and round shape islands were 
obtained as shown in Fig. 5.11(d). The heights of these islands fall in the range of 6-
14 nm, but mostly in 10-14 nm. This is quite similar to the In nanocrystals on HOPG 
observed by Zayed and Elsayed-Ali [44].  In Fig. 5.11(a-c), few In islands are round-
shaped, whereas in Fig. 5.11(d) about 75% islands are round or rounded hexagonal 
with increased height. It was reported that the In islands on inert substrates (HOPG, 
WSe2) melt at a temperature below the bulk melting point (430 K) [12,44].  It can be 
assumed that when heated at 450 K, In islands melt, and they recrystallize after 
cooling down. The shape transformation from thin and irregular to thick and round 
after 450 K annealing is due to the decrease in surface energy as the system 
approaches thermodynamic equilibrium. 
The shape and size of nanostructures can also be influenced by the deposition 
flux. Fig. 5.12 shows 3-nm In deposited using flux ~ 6 Å/min on MoS2 at RT. Mostly 
coalescing irregular In islands were obtained besides some triangular ones. The 
heights of these islands vary from 6 to 20 nm. From Fig. 5.11(c) and Fig. 5.12, it is 
confirmed that the irregular islands were dominant after a deposition amount ≥ 3-nm 
at RT, while the effect of increasing flux from 1.2 to 6 Å/min is insignificant. 
Comparing with Al on MoS2, the surface morphology of In on MoS2 is quite different. 
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The differences in morphologies of these elements on MoS2 are related to mobility 
and diffusivity of atoms or clusters. The diffusivity of Al on MoS2 seems relatively 
low so that many clusters are nucleated initially. The mobility of Al atoms on the 
clusters also appears rather low, so that even Al NPs sticking together do not fully 
coalesce with each other.  In addition, the lower surface free energy of In (0.67 J/m2) 
[45] comparing to Al (1.15 J/m2) makes it easier to form wetting-layer-like islands for 
In than Al on MoS2. The situation changes if interfacial chemical bonding can be 
formed, e.g., at a raised substrate temperature. 
 
 
Fig. 5.12 STM image of 3-nm In with flux ~ 6 Å/min on MoS2 at RT.  
 
In nanotechnology, it is highly desirable to grow nanostructures of certain shape 
and suppress others.  The shape of In nanostructures on MoS2 is controlled in self-
assembly. Fig. 5.13(a) and (b) show STM images (scan area 3 µm × 3 µm) after 1.8-
nm In deposition on MoS2 with flux ~ 1.2 Å/min at substrate temperature ~ 340 K and 
~ 375 K, respectively. Exclusively triangular In islands were observed, with the 
irregular and round ones totally suppressed. The heights of triangular islands are ~ 9-
750 nm
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18 nm with larger area when deposited at ~ 340 K. With increasing temperature, the 
higher islands with small area are obtained as shown in Fig. 5.13(b). These triangular 
islands are quite uniform in size except a large one in the left part of this image. The 
height of this large island is ~ 24 nm whereas other triangular islands are ~ 38 nm in 
height. The higher triangular islands with smaller sizes are obtained in this case 
comparing to Fig. 5.11. The formation of laterally smaller but higher islands indicates 
that, at 375 K, In tends to grow perpendicular to the surface rather than lateral 
spreading. For Al and In on HOPG, surface energy plays a role to partially determine 
the anisotropic growth shape such as triangular islands.  At high substrate 
temperature, mostly triangular islands of In on MoS2 are obtained due to both the 
minimization of surface energy and anisotropic growth kinetics. 
 
Fig. 5.13 STM images after 1.8-nm In deposited with flux ~ 1.2 Å/min on MoS2 
at substrate temperature: (a) 340 K, and (b) 375 K.  
 
The growth mechanism can be understood in terms of diffusion and interaction of 
In on MoS2. The binding between In and MoS2 is weaker than that between In atoms 
and islands. At 375 K, In atoms diffuse very fast on MoS2 surface and can jump up to 
the top of In islands which are stronger binding sites than MoS2 surface, leading to 
(a) (b)
750 nm 750 nm 
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more growth on the top. This explanation is quite reasonable because the lower 
islands were obtained at substrate temperature ~ 340 K as in Fig. 5.13(a). 
 
5.4       Conclusion 
, an in-situ STM investigation of growth of Al and In 
nan
ring the growth behavior and surface morphology of these elements on 
HO
In this Chapter
ostructures on HOPG and MoS2 substrates in UHV has been presented. Clusters 
and crystalline islands of Al were mostly obtained along steps of HOPG at RT in 
initial stage. After deposition of ≥ 3 nm Al on HOPG, craters were observed on top of 
Al islands. The shapes of Al nanostructures on MoS2 were dependent on the flux. For 
example, Al NPs were obtained in low flux regime whereas ramified islands were 
found in high flux regime at RT. For In, mostly triangular and hexagonal In islands 
were obtained along steps of HOPG whereas triangular, round and irregular shape In 
islands were found on MoS2 at RT. The shape of self-assembled In islands are 
controlled on MoS2 at different growth conditions. Exclusively triangular In islands 
were obtained after deposition at a substrate temperature of 340-375 K, whereas 
mostly triangular islands with some round ones were formed in initial stage at RT.  
The large irregular islands were suppressed after annealing RT-deposited In on MoS2 
at 450 K.  
Compa
PG and MoS2, some similarity and differences were observed: 1) both elements on 
HOPG and MoS2 follow the 3D islanding growth mode at RT; 2) for Al, the flat 
triangular and elongated islands were obtained on HOPG, whereas Al NPs and 
ramified islands were found on MoS2; 3) both Al and In islands on HOPG are (111)-
oriented.   
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Chapter 6  
Functional (Ge, Mn and MnSb) nanomaterials on Graphite 
 
6.1       Introduction 
When the sizes of the functional materials are reduced down to a nanometer scale, 
they often reveal different physical and chemical properties that do not exist in their 
bulk counterparts. For example, bulk semiconductors (Si and Ge) are indirect band 
gap semiconductors but the free standing semiconductors quantum wires can emit 
visible light at room temperature (RT) [1,2]. Besides semiconductors, 3d transition 
metals are also known to show anomalous properties at nano-scale. In particular, Mn 
is expected to have large magnetic moment in its low-dimensional structures [3-5], 
whereas bulk Mn is an anti-ferromagnetic metal. Additionally, the compounds of Mn 
and group V elements such as MnSb, MnBi and MnAs are drawing increased interest 
as promising materials for innovative spin-based devices [6-8]. The properties of 
nanostructures mainly depend on their shape and size, so it is necessary to understand 
the growth process and surface morphology of these functional nanomaterials on 
different substrates for fruitful applications in nanoscience and nanotechnology.  
A chemically inert substrate can be used to grow nearly free-standing 
nanoparticles and films with abrupt interface, which should facilitate the exploration 
of their intrinsic physical properties. Additionally, the initial nucleation and later 
growth processes can be revealed in details on inert substrates [9-11]. Various self-
assembled nanostructures were grown on different inert substrates for studying their 
properties related to several applications such as catalysis [12,13], quantum dots [14], 
and single-domain magnets [15]. Highly-oriented pyrolytic graphite (HOPG) is one of 
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the prototype inert substrate with a surface energy of only ~ 0.2 J/m2 [16], allowing 
aggregation of deposited atoms and nucleation of nanoparticles at the steps and defect 
sites. A variety of metals and semiconductors have been grown on HOPG and various 
nanostructures have been analyzed using different characterization techniques in past 
few years [10,11,17]. Nath et al. reported an interfacial study of low-dimensional Si 
and Ge on graphite using photoemission spectroscopy and found that no chemical 
interaction occurs between the adatoms and the substrate at RT [18]. Binns et al. 
studied the growth of supported mesoscopic Mn particles on graphite using 
photoemission spectroscopy [3]. Recently, MnSb films and nanoparticles have been 
epitaxially grown on semiconductors such as GaAs and Si [6,19]. However, the 
growth of MnSb nanoparticles on GaAs and Si is strongly influenced by the substrates 
which lead to formation of other compounds or alloys such as MnSi [20].  
In this Chapter, the experimental results on the growth of functional nanomaterials 
such as Ge, Mn and MnSb on HOPG surfaces is reported. The grown samples are 
mostly characterized by using in-situ scanning tunneling microscopy (STM) in 
ultrahigh vacuum (UHV).  Three-dimension (3D) clusters, cluster chains and double-
layer islands of Ge and Mn were obtained mainly at step edges and defect sites of 
HOPG at RT. The pre-deposited Sb on graphite enhances the sticking probability and 
suppresses the surface diffusion of Ge atoms resulting in a significant increase in Ge 
cluster density on HOPG terraces. Nanocrystallites of MnSb were found on steps of 
HOPG after co-deposition of Mn and Sb at a substrate temperature of ~ 425 K with 
flux ratio 1:2. The MnSb thin film on HOPG exhibited mostly hexagonal-shaped 
MnSb(0001) surface with 2×2 and ( 3232 × )R30° reconstructions. X-ray 
photoelectron spectroscopy (XPS) study showed that the Mn 2p peaks shifted 2.5 eV 
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with respect to that of elemental Mn, indicating the formation of MnSb compound. 
Vibrating sample magnetometer (VSM) measurement revealed that the 50-nm MnSb  
thin film on HOPG possess excellent ferromagnetic properties at RT.  
 
6.2        Experimental 
The experiments were carried out in an UHV chamber equipped with a STM and 
Aüger electron spectroscopy (AES) as described in Chapter 2. The preparation of 
clean HOPG surfaces is described in Chapter 3 and 4. The HOPG surface consists of 
graphite terraces of width typically ≥ 100 nm, separated with steps of one to several 
atomic layers. Besides steps, there are sub-surface sheet edges which are only 
apparent after depositions of elements. Ge (purity 99.999%), Mn (purity > 99.98%) 
and Sb (purity 99.9998%) were evaporated from resistively heated Ta or W boats. For 
MnSb thin film growth, Sb (~10 nm) and Mn (~10 nm) layers were successively 
deposited on the substrate at 375 K and annealed at 475 K for 5 min, followed by Sb 
and Mn co-evaporation onto the sample at 475 K with a Sb/Mn flux ratio of 2. Before 
deposition, all sources were degassed at appropriate temperature for a few hours in 
order to remove contaminations. All STM images were taken using constant current 
mode.  
For the analysis of MnSb film on HOPG, ex-situ XPS and VSM is utilized. For 
the XPS studies, the spectra were recorded in a VG ESCALAB spectrometer using 
Mg Kα radiation (hν = 1253.6 eV) under a vacuum of ~ 10-9 mbar. Survey scans were 
obtained in the binding energy (BE) range between 0 and 1100 eV, whereas detailed 
scans were recorded for the Sb 3d and Mn 2p regions. The magnetic property of a 50-
nm thin MnSb film was examined with a DMS-1660 VSM at RT. 
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6.3        Results and Discussion 
 
6.3.1     Ge nanostructures with and without Sb on HOPG 
6.3.1.1  Structure of Ge on HOPG 
Figure 6.1(a) displays a STM image of a HOPG sample after deposition of ~ 1.8-
nm Ge at flux ~ 6 Å/min and at RT. Ge clusters were observed only at steps of 
HOPG. This indicates that the interfacial bonding between Ge and HOPG is very 
weak in the integral surface areas. Only at step edges and defect sites the interaction 
between Ge and HOPG is strong enough to stabilize atoms or clusters.  The heights of 
220 clusters in several STM images similar to Fig. 6.1(a) have been analyzed 
statistically, and the distribution is plotted in Fig. 6.1(b), together with a Gaussian 
fitting.  This Gaussian fit with an average height of 7.5 nm and a standard deviation of 
1.0 nm (~ 14% of the average) agrees quite well with the experimental data. No 
ordered atomic structures and facets were observed on the surface (even with further 
Ge deposition at RT), suggesting that these clusters are amorphous. It is possible that 
the Ge clusters are crystalline in early nucleation and growth stages, as indicated by 
tight-binding calculations [21] that showed that a ground-state Si nanoparticles of 
diameter above 2.5 nm is nearly spherical with a diamond-lattice core. As the clusters 
grow in size at RT, the limited atomic diffusivity makes it harder and harder to 
maintain the crystallinity.  
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Fig. 6.1 STM images of Ge deposited HOPG surfaces at RT. (a) 250 nm × 250 
nm scan area after 1.8 nm Ge deposition at flux ~ 6 Å/min; (b) histogram of 
cluster heights with Gaussian fit; (c) after 6 nm Ge deposited at flux ~ 6 Å/min; 
(d) after 9.6 nm-Ge at flux ~ 12 Å/min; (e) after 7.2-nm Ge deposition at high 
flux ~ 18 Å/min, and (f) height profile of the double layer ramified island across 
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Fig. 6.1(c) displays a STM image of the graphite surface after ~ 6-nm Ge 
deposition at a flux ~ 6 Å/min and at RT. In Fig. 6.1(c), Ge clusters line up with each 
other to form quasi-one dimensional Ge nanowires along steps. The average width 
and height of these nanowires are 27±4 nm and ~ 9 nm, respectively. In upper left part 
of this figure, some clusters on the terrace were observed moving towards steps 
during scanning. It indicates that the binding of Ge clusters with graphite terrace is 
rather weak, resulting in trapping of the clusters mostly at steps of HOPG surface at 
this stage.  Francis et al. have reported a scanning electron microscopy (SEM) study 
in which most Ag clusters at the steps of HOPG are isolated initially [22]. However, 
in this case, Ge clusters linked with each other and can even form nanowires with 
fairly uniform cross-section along the steps of HOPG. The growth of Ge cluster 
chains along HOPG steps, which is similar to Pd electrodeposited on HOPG [23], has 
been observed repeatedly in this study. 
After deposition of 9.6-nm Ge on graphite with a flux of ~ 12 Å/min at RT, cluster 
chains at step edges as well as cluster islands on the terraces were obtained as shown 
in Fig. 6.1(d). The average width and height of clusters at steps are 32 nm and ~ 9 nm, 
respectively. In this image, the traces of cluster movement on the terrace can be easily 
observed.  These traces end at cluster chains or islands.  Although such cluster 
migration can be promoted by the scanning tip, it indicates that individual Ge clusters 
are quite mobile on the terrace. The density of clusters on wide terrace is higher than 
that on the narrower ones, because Ge atoms landing on a wide terrace are more likely 
to collide with each other to form clusters before reaching a step. This illustrates that 
the distribution of Ge clusters can be controlled by tuning the flux and defect density 
on graphite.  
After deposition of ~ 7.2 nm Ge at high flux (~ 18 Å/min), the double-layer 
 133
Chapter 6: Functional (Ge, Mn and MnSb) nanomaterials on Graphite 
cluster chains and islands were obtained, as shown in Fig. 6.1(e). In fact, third-layer 
clusters were not formed on the second-layer. Cluster chains along the steps have 
average width and height of 54±4 nm and 14±2 nm, respectively. The chain height 
increase is the consequence of the second-layer cluster chain growing on top of the 
first-layer, while the width increase reflects the fact that the first layer of the chains 
now consist of four clusters along the width instead of two as in Fig. 6.1(c). 
Additionally, isolated flower-shaped cluster islands are observed on HOPG terrace as 
shown in Fig. 6.1(e).  The density of these ramified islands is ~ 2×109 cm-2 on 
relatively wide terraces of graphite. This result indicates that at high flux, more Ge 
clusters nucleate and form ramified cluster islands on wide terraces of HOPG. The 
nucleation sites of these islands are point defects or sub-surface step edges, with a 
trapping power between normal step edges and the integral surface. The double-layer 
ramified islands transformed to compact islands after annealing at ≥ 450 K. 
The isolated ramified Ge islands have double layer structure as shown by the 
height profile, displayed in Fig. 6.1(f), of one island in Fig. 6.1(e) along the line AB.  
Similar double-layer cluster islands were observed for Pd electrodeposition on HOPG 
[24]. The heights of central second-layer structure and outer first-layer structure are ~ 
15 nm and 9 nm, respectively. The double-layer island formation indicates that the top 
of cluster chains or islands provide more favorable sites for nucleation and/or binding 
of new clusters than the graphite surface adjacent to the first-layer Ge clusters. The 
double-layer cluster chains exhibit about the same height profile as the double-layer 
islands. Considering geometric factors, the cluster heights in two layers are all about 9 
nm, although they should be formed at quite different time.  In fact, the typical cluster 
height changes little from the 1.8-nm deposition [Fig. 6.1(a)] to 7.2-nm deposition 
[Fig. 6.1(e)]. This strongly suggests that the growth behavior of Ge clusters on 
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graphite is self-limiting, similar to growth of Co on SiN [9].  
The results shown in Fig. 6.1 confirm that the growth process follows exclusively 
3D-island non-wetting mode due to small surface energy of graphite (0.2 J/m2) in 
comparison to surface energy of Ge (0.88 J/m2) [25] and the weak interaction between 
Ge and HOPG. These results agree with previous study of low-dimensional Ge on 
graphite using photoemission spectroscopy in which the weak interaction of Ge with 
graphite at RT was reported [18]. Only at step edges and defect sites where broken C-
C bonds exist, the interaction between Ge atoms and HOPG cannot be ignored. The 
binding power of discrete defects is not strong enough to hold Ge clusters.  
Consequently, the Ge clusters aggregate into chains and islands, so a more stable 
structure is obtained as clusters get locked with each other.  This implies that these Ge 
clusters on HOPG are indeed in a nearly free-standing state. 
 
6.3.1.2  Growth of Ge on HOPG in presence of Sb 
It is well known that, in the presence of surfactant such as Sb and As, the island 
formation can be suppressed during epitaxial growth [26,27]. In the case of Ge on 
Si(111), Sb surfactant-mediated growth allows Ge dots to self-organize on Si [28]. It 
also prevents intermixing of Si and Ge at the start of growth [29], and produces 
smaller Ge islands [30]. The island growth mode is dominant on inert substrates. It is 
helpful to study the effect of surfactant on the growth of nanostructures on inert 
substrate in order to produce 2D structures or smaller islands. However, there are few 
published reports in which the Sb is used to modify the morphology of Ge islands on 
inert substrates [31]. 
The growth of Ge on HOPG in presence of Sb by two methods is studied: 1) 
deposition of Ge and Sb on HOPG simultaneously at RT, and 2) deposition of Ge on 
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HOPG with pre-deposited Sb. First, Ge and Sb was deposited simultaneously at RT 
on HOPG for 10 min at flux ~ 6 Å/min and ~ 20 Å/min, respectively. All step edges 
and terrace of HOPG are decorated by cluster chains and ramified islands as shown in 
Fig. 6.2(a). The height of the cluster chains and islands are ~ 15 nm from the graphite 
surface, and the lateral size of the chains is ~ 15-25 nm. These features show an 
enhanced wetting capacity of (Ge+Sb) on HOPG compared to pure Ge. Meanwhile, 
they are quite different from pure Sb on HOPG [Chapter 3]. Most probably the 
clusters comprise of a mixture of Ge and Sb instead of individual Ge and Sb clusters.   
To reveal the effect of Sb without significant intermixing, Ge and Sb were 
deposited separately on graphite.  After deposition of ~ 1 nm Sb at RT, three types of 
Sb structures, i.e., 3D, 2D and 1D islands were obtained [Fig. 3.1(a)]. After 10-nm Ge 
deposition on HOPG with 1-nm pre-deposited Sb, almost the whole surface was 
decorated by Ge clusters as shown in Fig. 6.2(b).  The areas covered by different 
types of Sb structures can still be recognized.  The average height of Ge clusters is ~ 
16 nm on graphite surface covered with small amount of Sb (upper-left in Fig. 6.2(b)).  
On 2D Sb islands, the surface corrugation is ≤ 2 nm.  These types of structures were 
obtained due to a significant increase in the sticking coefficient of Ge on 2D Sb-
covered HOPG in contrast to Ge on bare HOPG.  From Fig. 6.2(b), it is clear that Sb 
has not mixed significantly with Ge.  In Section 6.3.1.1, it has been observed that the 
Ge clusters could be moved by STM tip due to weak bonding with HOPG [Fig. 
6.1(d)].  In the Sb+Ge/HOPG system, the features are much more stable against the 
tip disturbance during scanning. 
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Fig. 6.2 (a) STM image of a HOPG sample after simultaneous deposition of  20-
nm Sb and 6-nm Ge at RT; (b) STM image of 10-nm Ge on HOPG with 1-nm 
pre-deposited Sb. (c-d) STM images of two different areas of 0.3-nm Sb pre-
deposited HOPG with 9.6-nm Ge deposited at RT followed by annealing at 400 
K for 10 min. Image areas: (c) 820 nm × 820 nm; (d) 1 µm × 1 µm. 
 
The significant increase in the sticking coefficient of Ge on HOPG can be 
observed even with just one monolayer pre-deposited Sb.  Fig. 6.2(c) and (d) are two 
STM images of a HOPG sample after ~ 0.3 nm Sb followed by ~ 9.6-nm Ge 
deposition at RT and annealed at 400 K for 10 min in UHV.  This annealing induced 
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around the 3D Sb islands, were observed as shown in Fig. 6.2(c). The surface 
coverages of Ge on HOPG samples with and without pre-deposited Sb differ 
remarkably. More Ge cluster islands were observed on HOPG terraces, and their 
heights are ~ 7.5 nm [Fig. 6.2(c)], slightly less than that on sample without Sb as 
compared in Fig. 6.1(d). In the presence of Sb [see Fig. 6.2(c)], the Ge surface 
coverage on HOPG is 65%, whereas it is only 14% on sample without Sb at the same 
deposition amount [see Fig. 6.1(d)].  The perimeter of triangular 2D Sb island is fully 
decorated by Ge clusters as shown in Fig. 6.2(d).  The number density of Ge clusters 
and islands on pre-deposited Sb on HOPG sample is also quite high. On HOPG with 
pre-deposited Sb, these Sb species are expected to act as trapping sites for coming Ge 
atoms and as centers for cluster nucleation, thereby suppressing surface diffusion of 
Ge atoms and clusters.  With these effects, the pre-deposited Sb enhances the sticking 
of Ge atoms, increase the density of Ge clusters and cluster islands, while the average 
cluster height may decrease. These observations reveal that even one monolayer pre-
deposited Sb on HOPG can significantly modify the shape, density and height of Ge 
clusters and islands.  
 
6.3.2     Growth of Mn on Graphite 
Fig. 6.3(a) shows a STM image of early stage Mn growth on HOPG, which was 
taken after ~ 1.5-nm Mn deposition with a low flux (~ 1.5 Å/min) at RT. Step edges 
of HOPG are fully decorated with Mn clusters. It appears as quasi-nanowires of Mn 
with a width of ~ 16 nm and average height 2.6±0.5 nm.  No Mn clusters are observed 
on defect-free terraces. This indicates a high mobility of Mn on HOPG even at RT 
and a weak interaction between Mn and HOPG. Only step edges can act as effective 
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trapping sites for Mn adatoms and clusters, similar to the features of Ge on HOPG in 




Fig. 6.3 STM images of HOPG surface with Mn deposited at RT. (a) After 1.5-
nm Mn deposition; (b) after 2.5-nm Mn deposition; (c) after 12-nm Mn 
deposition at flux ~ 2.5 Å/min, and (d) cross section of the double-layer 
ramified cluster island and chain along line LM in (c).  
 
Fig. 6.3(b) was taken after 2.5-nm deposition of Mn on HOPG at flux ~ 2.5 Å/min 
and at RT. It is apparent that Mn forms quasi-1D chains of linked 3D islands along 
(c) (d) 





Chapter 6: Functional (Ge, Mn and MnSb) nanomaterials on Graphite 
HOPG steps. Now the average width and height of these chains are 50±6 nm and 
12±2 nm, respectively. These observations indicate that islanding growth mode is also 
dominant in Mn on HOPG system due to a weak interaction as well as the large 
surface free energies of Mn (1.6 J/m2) compared to that of graphite (0.2 J/m2) [16,25].  
After deposition of ~ 12-nm Mn on HOPG at a flux of 2.5 Å/min and at RT, both 
the width of cluster chains and the volume of individual cluster are increased as 
shown in Fig. 6.3(c). These clusters chains show double layer structure similar to Ge 
growth on HOPG in late stage and Pd electro deposition on HOPG [24]. The width of 
these double layer clusters chain is ~ 100-125 nm. The isolated ramified Mn islands 
on terrace also have double layer structure as shown in Fig. 6.3(c) and the cross-
section profile along the line LM in Fig. 6.3(c) displayed in Fig. 6.3(d). The heights of 
central core and outer structures of double-layer islands are ~ 22 nm and 16 nm, 
respectively, whereas cluster chains have central core height ~ 20 nm and outer layer 
height ~ 13 nm. The height differences between the two layers in both structures is 
around 6-7 nm. The double-layer cluster chains and islands show a quite high second- 
to first-layer mass (or area) ratio. If the cluster layers treated as atomic layers in film 
growth, the multilayer configuration forms as a consequence of limited mass transport 
from upper layers to lower incomplete atomic layers due to, e.g., the Ehrlich-
Schwoebel barrier [32]. However, the second- to first-layer area ratio of the Mn 
double-layer cluster chains and islands is significantly higher than that evaluated 
assuming without any interlayer mass transport [33]. These double layer cluster 
chains form due to two factors: 1) the top of first-layer Mn clusters chain provides 
more stable sites for nucleation and binding of new clusters than graphite surface; and 
2) Mn atoms or clusters are mobile on to reach the top of first-layer cluster chains 
even at RT.  
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Fig. 6.4 (a) STM image after 10-nm Mn deposition at flux ~ 5 Å/min and at RT; 
(b) and (c) are the lateral size and height histograms of Mn clusters in (a), with 
corresponding Gaussian fits. (d) Large-area (2.9 µm × 2.2 µm) SEM image after 
deposition of ~ 3.5-nm Mn at substrate temperature ~ 375 K. 
 
Fig. 6.4(a) displays a STM image of HOPG surface after 10-nm Mn deposition at 
RT with a higher flux (~ 5 Å/min). In this case, clusters and cluster chains were 
observed on terraces and along steps, respectively. The cluster density on terrace 
depends upon the terrace width, with more clusters obtained on wider ones. This is 
because the atoms landing on the narrower terraces can reach at steps before 
encountering with each other on terrace. The distribution of apparent cluster width has 
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been measured from several images on the samples prepared at the same condition as 
that in Fig. 6.4(a) and is shown in the form of histogram in Fig. 6.4(b) with a 
Gaussian fit. This plot shows a narrow cluster width distribution peaked at 28 nm with 
only a 2-nm (~ 8%) standard deviation. The cluster heights in several STM images 
similar to Fig. 6.4(a) have also been analyzed statistically, and the results are plotted 
in the histogram (Fig. 6.4(c)) with Gaussian fit. This plot shows a symmetrical 
Gaussian distribution of an average height 7.6 nm and a standard deviation of ~ 1.5 
nm. 
With increasing substrate temperature and thus an increased hopping rate of the 
atoms on the surface, all deposited atoms reached the steps. This results in the 
nucleation of clusters exclusively at the steps with empty terraces in between as 
shown in the ex-situ SEM image of Fig. 6.4(d) taken after 3.5-nm Mn deposition on 
HOPG at ~ 375 K. These Mn clusters are nearly uniform in size on steps. The average 
height of these clusters is 20±2 nm measured by STM on the same sample (not shown 
here).  
 
6.3.3     Growth of MnSb nanocrystallites and thin films on Graphite 
Fig. 6.5(a) presents the morphology of MnSb nanoparticles obtained with a Sb/Mn 
ratio of 2 on HOPG at 425 K.  MnSb nanoparticles line up to form chains along 
HOPG step edges. The flux of Mn and Sb is ~ 3 Å/min and ~ 6 Å/min, respectively. It 
is clear from this image that 3D islanding is the predominant growth mode for MnSb 
on HOPG. The average island size is about 46±6 nm laterally and 23±5 nm in height. 
The lateral size of an island was measured as the width at half maximum of the island 
line profile. A zoom-in STM image in Fig. 6.5(b) reveals the existence of facets on 
these MnSb nanoparticles, indicating that they are already crystalline, although it is 
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hard to determine which facets they are. All MnSb nanocrystals locate exclusively at 
the step edges and none can be found in the defect free area, similar to the scenario of 
Ge and Mn on HOPG. 
 
Fig. 6.5 (a) STM image of MnSb nano-crystallite chains after deposition of Mn 
and Sb at 425 K for 5 min. Flux of Mn and Sb are ~ 3 Å/min and ~ 6 Å/min, 
respectively. (b) A zoom-in image of (a) showing facets on the MnSb nano-
crystallites. 
 
A continuous 50-nm thin film made of MnSb crystallites has been obtained on 
HOPG after deposition of 10 nm Sb and 10 nm Mn successively at 375 K, followed 
by Sb and Mn co-deposition onto the sample at 475 K with a Sb/Mn flux ratio of 2. 
The HOPG surface was mostly covered by hexagonal flat MnSb structure as shown in 
Fig. 6.6(a). The heights of these hexagonal-shaped terraces are mostly 5.8±0.2 Å or 
11.6±0.2 Å, corresponding to the monolayer or bilayer steps on MnSb(0001), 
respectively [34]. In the case of MnAs epilayers on As-terminated GaAs( 111 ), well 
defined triangular and hexagonal blocks with MnAs(0001) plane were also found 
[35].  Due to the similarity between MnSb and MnAs, it is reasonable that they show 
250 nm
Top facets 
60 nm (a) (b) 
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similar surface morphology. On the top surface of MnSb thin film, a hexagonal 
ordered structure is observed as displayed in Fig. 6.6(b), with a period of 8.21±0.08 
Å. This lateral period is consistent with that of the MnSb(0001)-(2×2) reconstruction 
(2 × 4.128 Å). These observations confirm that this thin film formed on HOPG is α-
MnSb(0001) with NiAs lattice structure [34].  
 
Fig. 6.6 (a) STM image of MnSb film with thickness of ~ 50 nm grown on 
HOPG; (b) atomic scale image showing 2×2 reconstruction on MnSb(0001) 
film; (c) another MnSb(0001) area showing the ( 3232 × )R30° 
superstructure, with the diamond representing the unit cell and the arrow 
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Besides the 2×2 reconstruction, some new surface structures have been found on 
different areas of MnSb film on HOPG.  Fig. 6.6(c) displays a high-resolution STM 
image on another area of the MnSb film shown in Fig. 6.6(a).  The measured period 
along the arrow direction is 14.5±0.3 Å, which fits the cell size of ( 3232 × )R30° 
superstructure within the experimental uncertainty. With a sample bias of -0.7 V and a 
tunneling current of 0.35 nA, the ( 3232 × )R30° superstructure appears as 
periodically positioned units along the }0110{  directions with each unit consisting of 
three bright spots. Due to drift and irregular tip shape, the features are distorted in the 
STM image.  
In order to investigate the electronic and chemical states of MnSb thin film and 
nanocrystallite samples, the sample was analyzed with XPS as displayed in Fig. 6.7. 
The wide survey scan in Fig. 6.7(a) for the 50-nm film reveals the presence of Sb, 
Mn, C and O. The details of the Mn 2p peaks are shown in Fig. 6.7(b). The spin orbit 
splitting between these peaks is ~ 11.8 eV, similar to the pure elemental Mn 2p3/2 and 
2p1/2. There is a shift of ~ 2.5 eV toward higher binding energy with respect to 
elemental Mn 2p, indicating the formation of MnSb compounds [6]. The broad peaks 
of Mn 2p can be attributed to an increase in itinerancy of Mn 3d electrons, which is 
usually found in Mn-based metallic systems [36].  
Fig. 6.7(c) shows the XPS spectrum of Sb in the MnSb thin film. Since O 1s core 
level resides at the same binding energy range as Sb 3d5/2, the Sb 3d5/2 peak shows a 
broad structure. As a result, the ratio of the integrated peak area of I5/2:I3/2 is a little 
larger than 3/2. The Sb doublet 3d5/2 and 3d3/2, with a separation of 9.3 eV, also shows 
a shift of ~ 2 eV toward higher binding energy, further supporting the formation of 
MnSb compound. Because of the excess Sb during deposition, elemental Sb peaks are 
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observed at 528 eV and 537.5 eV for MnSb thin film sample. A higher substrate 
temperature during deposition or post-deposition annealing can be used to get rid of 
the excess Sb.  
 
Fig. 6.7 Core-level XPS spectra of MnSb (a) wide scan; (b) Mn 2p doublet of 




Binding energy e ) (c)











Chapter 6: Functional (Ge, Mn and MnSb) nanomaterials on Graphite 
 




















Applied Magnetic Field (Oe)
 
Fig. 6.8 The hysteresis loops of the 50-nm thin MnSb film on HOPG measured 
with the magnetic field parallel to the film plane at RT. 
 
Fig. 6.8 shows a hysteresis loop of 50-nm thin MnSb film on HOPG measured by 
VSM at RT with a magnetic field of up to 10 kOe parallel to the film plane. From the 
magnetic hysteresis loop, the saturation magnetization (Ms), remanent magnetization 
(Mr) and coercivity (Hc) are determined after carefully subtracting the diamagnetic 
background signal from the glass sample holder and clean HOPG substrate. The 
MnSb film shows a saturation magnetization of 0.6×10-3 emu and can be easily 
magnetized (Hc = 120 Oe). Considering a sample thickness of ~ 50 nm and an area of 
25 mm2, the saturation magnetization Ms is about 480 emu/cm3. These values are 
comparable to those reported by Tatsuoka et al. for MnSb on Si(111) [37]. The VSM 
was not sensitive enough to measure the magnetic behavior of the MnSb 
nanocrystallites chain sample shown in Fig. 6.5(a).  
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6.4       Conclusion 
In this Chapter, the growth of Ge, Mn and MnSb nanostructures on HOPG were 
studied in UHV using in-situ STM at different growth conditions and stages. It was 
found that, at the initial stage of growth, 3D clusters and islands of Ge, Mn and MnSb 
were formed at step edges and defect sites. Clusters, cluster chains and double layer 
ramified islands of Ge and Mn were obtained with different flux and deposition time 
at RT. The crystalline MnSb film showed (2×2) and ( 3232 × )R30° 
reconstructions on MnSb(0001) surface. XPS analysis showed that the Mn 2p peaks 
shift 2.5 eV with respect to elemental Mn, and Sb 3d peaks shift 2 eV, indicating the 
formation of MnSb compound. VSM measurement at RT revealed that the 50-nm thin 
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Conclusion 
 
Although graphite is a prototypical inert substrate and apparently three-
dimensional (3D) island growth is expected for most materials deposited on highly 
oriented pyrolytic graphite (HOPG), the morphology of the resulting structures varies 
significantly from one material to another, and also changes with substrate 
temperature as well as the flux and total amount of deposition. 3D clusters and islands 
of Sb, Al, In, Ge, Mn and MnSb were obtained on steps and defect sites of HOPG at 
room temperature (RT) in initial stage. The shape of 3D nanoparticles is nearly 
spherical when they are small. The spherical shape can be maintained for Sb 
crystallites up to a quite large size (consisting of ≥ 106 atoms). Such faceting 
threshold sizes, beyond which crystalline facets appear on nanocrystal surface, are 
significantly bigger than Al (≤ 105 atoms) in this study. The 3D islands of Sb, Al and 
In have bulk crystalline structure and (111) orientation.  
Some quasi-1D nanostructures can be formed for Al, Ge, Mn, and MnSb, taking 
advantage of HOPG step edges to trap and link the clusters or crytallites in initial 
stage. Further deposition leads to the formation of double-layer cluster chains and 
islands of Ge and Mn. Even at RT, the 3D clusters and crystallites of Al and Sb are 
quite mobile on HOPG, and coalescence between these nanoparticles in contact 
proceeds quite easily. Although the coarsening among a group of Al crystallites leads 
to crater formation, a fairly uniform Al film can be obtained at a late growth stage. 
Chapter 7: Conclusion 
The coalescence process is quite weak in case of Ge and Mn in comparison to Sb, Al 
and In on HOPG. 
In addition to 3D Sb islands, 2D films and 1D nanorods were also obtained on 
HOPG at different growth conditions. The shapes of Sb nanostructures were 
controlled in self-assembly by adjusting growth conditions. For example, exclusively 
2D and 1D structures were obtained at substrate temperature of ~ 375 K in high flux 
regime, whereas mostly 3D islands were obtained on steps of HOPG at low flux and 
at RT. The formation of different Sb structures is related to the dissociation and 
diffusion states of Sb4 on HOPG. Even Bi is very similar to Sb, no 3D islands of Bi 
were found on HOPG. Only 1D NWs, 2D island and 1D multilevel Bi stripes were 
obtained at RT. The thicknesses of these Bi nanostructures show even number atomic 
layer stability. The lattice parameters of 2D Sb and Bi  structures are close to those of 
α-phase with (111) orientation. 1D nanostructures of Sb and Bi shows noticeable 
deviation in lattice parameters from the bulk, possibly induced by the Laplace 
pressure which can be rather tremendous in a nanostructure.  
The shape of nanostructures depends on several parameters such as flux, amount 
of deposition, substrate temperature and kind of substrates. The effect of substrates on 
the shape of Al and In nanostructures on HOPG and MoS2 surfaces is studied. Both 
HOPG and MoS2 are quite inert substrates. Mostly flat Al and In islands were 
obtained on HOPG at RT. For In on MoS2, mostly flat wetting-like islands were 
observed on MoS2. However, Al nanoparticles and ramified islands were observed on 
MoS2 at different stages. From these observations, it is confirmed that the subtle 
changes in surface energies of van der Walls surfaces and metal-support interaction, 
the shapes of nanostructures changes significantly.  
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Chapter 7: Conclusion 
All these results indicate again that the geometric and surface properties of 
nanostructures can deviate significantly from that of bulk crystals and are sensitively 
size-dependent. Consequently, these properties affect the interactions of 
nanostructures with the substrates and with each other, as well as the texture of the 
films derived from these nanostructures. Examples of selective nanostructural self-
assembly fabrications are obtained. The selectivity can be enhanced based on the 
understanding gained from experiments over broader ranges of growth conditions 
(e.g., flux, sample temperature, substrate type, and deposition amount). The details of 
nanoparticle migration, rotation and coarsening can be captured at a reduced substrate 
temperature. In addition, self-assembly and morphology of nearly free-standing 
compound nanostructures can be explored on other inert substrates such as nitrides 
and oxides of silicon. Such exploration is beneficial to the integration of 
nanostructure-based electronic, optoelectronic and spintronic devices on Si-based 
integrated circuits.  
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